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<N (54) Title: RAMAN AMPLIFIER WITH BI-DIRECTIONAL PUMPING 

(57) Abstract: A Raman amplifier assembly inlcudes a Raman amplifier configured to receive a signal from a signal source. The 
signal travels in an upstream direction in the Raman amplifier. A first pump source is coupled to the Raman amplifier. The first 
pump source produces a first pump beam that travels in a downstream direction and is counter-propagating relative to the signal. A 
second pump source is coupled to the Raman amplifier and produces a second pump beam that travels in the upstream direction. The 
second pump source has an average relative intensity noise of less than -80 db/Hz. 
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RAMAN AMPLIFIER WITH BI-DIRECTIONAL PUMPING 

BACKGROUND 

5 Field of the Invention : 

This invention relates to low noise optical amplifiers for fiber optic 
transmission systems, and more particularly to low noise discrete, distributed 
and hybrid Raman amplifiers for broadband communication systems. • 

10 Description of Related Art : 

Stimulated Raman scattering is an important nonlinear process that turns 
optical fibers into amplifiers and tunable lasers. Raman gain results from the 
interaction of intense light with optical phonons in silica fibers, and Raman 
effect leads to a transfer of energy from one optical beam (die pump) to another 

1 5 optical beam (the signal). The signal is downshifted in frequency (or upshifted 
in wavelength) by an amount determined by vibrational modes of silica fibers. 
The Raman gain coefficient g r for the silica fibers is shown in Figure 1 . 
Notably, the Raman gain g r extends over a large frequency range (up to 40 THz) 
with a broad peak centered at 1 3 .2 THz (corresponding to a wavelength of 

20 440 cm" 1 ). This behavior over the large frequency range is due to the 

amorphous nature of the silica glass and enables the Raman effect to be used in 
broadband amplifiers. The Raman gain also depends on the composition of the 
fiber core and can vary with different dopant concentrations. 

Raman amplification has some attractive features. First, Raman gain is * 

25 a good candidate for upgrading existing fiber optic links because it is based on 
the interaction of pump light with optical phonons in the existing fibers. 
Second, there is no excessive loss in the absence of pump power, other than the 
loss of the fiber inserted - an important consideration for system reliability. 
Cascading is the mechanism by which optical energy at the pump 

30 wavelength is transferred, through a series of nonlinear polarizations, to an 
optical signal at a longer wavelength. Each nonlinear polarization of the 
dielectric produces a molecular vibrational state corresponding to a wavelength 
that is offset from the wavelength of the light that produced the stimulation. 
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The nonlinear polarization effect is distributed throughout the dielectric, 
resulting in a cascading series of wavelength shifts as energy at one wavelength 
excites a vibrational mode that produces light at a longer wavelength. This 
process can cascade through numerous orders. As an example, cascade Raman 
5 orders for different pump wavelengths are illustrated in Figure 2. Because the 
Raman gain profile has a peak centered at 13.2THz in silica fibers, one Raman 
order can be arranged to be separated from the previous order by 13.2THz. 

Cascading makes stimulated Raman scattering amplifiers very desirable. 
Raman amplification itself can be used to amplify multiple wavelengths (as in 

10 wavelength division multiplexing) or short optical pulses because the gain 

spectrum is very broad (a bandwidth of greater than 5THz around the peak at 
1 3.2THz). Moreover, cascading enables Raman amplification over a wide 
range of different wavelengths. By varying the pump wavelength or by using 
cascaded orders of Raman gain, the gain can be provided over the entire 

15 telecommunications window between 1300nm and 1600nm. 

Raman gain can be used in both discrete and distributed amplifiers. The 
main advantages of distributed Raman amplification are that the effective noise 
figure (NF) is improved and existing systems can be upgraded. Intuitively, the 
NF improves because the signal is continuously amplified and never gets too 

20 weak. The additional system margin allowed by distributed amplification can 
be used to upgrade the system speeds, increase the spacing between amplifiers 
or repeaters, or to handle the variability in fibers for installed systems. When 
using distributed amplification, the pump light can be counter-propagating to 
the signal direction. Simulations and experiments have shown the improvement 

25 in noise figure achieved using distributed amplification. For example, a 

calculation from first principles for a chain of optical amplifiers shows the 
improvement in signal-to-noise ratio (SNR) for more closely spaced amplifiers. 
The case of purely uniform amplification gives an improvement of about NF = 
2dB compared with amplifiers spaced evenly every 21.7km and an 

30 improvement of about NF = 4dB compared with amplifiers spaced evenly every 
43.4km (where NF (dB) = SNRjn (dB) - SNRout (dB)). 

Experiments have also verified the improvement in NF performance for 
distributed amplification. For instance, experiments in a 514km Raman 
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amplifier chain have shown an improvement in noise performance of 2dB 
compared with a similar amplifier chain using lumped EDFA's spaced roughly 
every 45km. This is less than the ideal case because the pump light attenuates 
along the length of the fiber, leading to periodic but non-uniform amplification. 

♦ 

5 In addition, a combination of distributed Raman amplification and EDFA's has 
been used to extend the repeater spacing to 240km- for a 5£80km WDM 8- 
channel system. The performance demonstrated in this experiment was 
comparable to that of a system of similar length and capacity using conventional 
EDFA's spaced by 80km. Therefore, the additional NF margin from distributed 

1 0 amplification can be used to significantly increase the repeater spacing of long- 
haul transmission systems. Furthermore, a distributed Raman amplifier is tested 
in a 45km length of transmission fiber that is pumped by two pumps at 1453nm 
and 1495nm. The resulting transparency gain bandwidth is 92nm, and the 
Raman amplifier is shown to perform better than a lumped EDF A with a NF 

15 equal or higher than 5dB. 

Another use of hybrid or distributed amplifiers is to reduce nonlinearity 
impairments from four-wave mixing (4WM) and Raman gain tilt that become 
increasingly important as new bands are added and the channel count increases. 
One way of minimizing these nonlinearity impairments is to reduce the power 

20 per wavelength channel. This can be achieved without degradation of the 
signal-to-noise ratio at the receiver by using hybrid or distributed Raman 
amplification. In particular, distributed Raman amplification carta be achieved 
by pumping the fiber composing the transmission line with a Raman oscillator 
or laser diodes directly. The pump light produces Raman gain for the signal 

25 using the inherent Raman gain in the transmission fiber. Since the gain is 

inherent to the transmission line, this provides a graceful means of upgrading 
even existing fiber-optic systems. 

The power per channel can be reduced because distributed Raman 
amplification cancels or compensates for the loss in the fiber. Said another 

30 way, the distributed Raman gain has an effectively better noise figure than its 
discrete amplifier counterparts. The channel power can be lowered to the point 
that nonlinearities become insignificant. For example, in a typical transmission 
system at power of OdBm (lmW) is used at OC-48 or 2.5Gb/s and 6dBm 
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(4mW) at OC-1 92 or 1 OGb/s per channel. With the addition of distributed 
amplification, OC-1 92 systems have been demonstrated in the laboratory with 
power per channel as low as — 13dBm (O.OSmW). 

Distributed Raman amplification can also help in gain control or gain 
5 clamping, i.e., It is undesirable to have the gain level change when channels are 
added or dropped, such as when optical add/drop multiplexers are used. This 
gain clamping problem can be solved to a large extent by using distributed 
Raman amplification because the power per channel is significantly reduced. 
The lower power insures that there will be negligible gain or pump depletion. 
10 Therefore, the combination of lower power per channel and negligible gain 
depletion provides an effective gain clamping. 

That nonlinear effects in fiber transmission systems can be avoided by 
use of distributed or hybrid Raman amplification has been illustrated in a 
number of recent experiments. Transmission in DSF around the zero-dispersion 

..**«■ _ 
*- 

15 region in a single wavelength band has been demonstrated. Denser WDM 
(DWDM) transmission of 32 channels with 50GHz spacing and bit-rate of 
1 OGb/s over 8 x 80km has been demonstrated. Normally, DWDM systems in 
the neighborhood of the zero dispersion wavelength suffer from 4 WM penalties. 
However, by lowering the channel power down to — 13dBm with the use of 

20 distributed Raman amplification, 4WM can be avoided and the results verify 
feasibility of DWDM transmission in DSF. 

DWDM transmission near the zero dispersion wavelength without 4WM 
or other nonlinearity penalties in a single wavelength band has been 
demonstrated in multiple experiments: (a) 25-channel, 100GHz spacing of 

25 lOGb/s channels, transmission over 8 x 83km; (b) 49-channel, 50GHz spacing 
of lOGb/s channels, transmission over 4 x 83km. Significant improvements can 
be obtained at a pump power of only 440m W in DSF by using hybrid — 
Raman/erbium-doped fiber amplifiers. 

Distributed Raman amplification can minimize nonlinear effects 

30 . between WDM channels effectively in single band experiments (i.e., in the so- 
called "C-band" or conventional band between 1535 and 1565nm). 

One.benefit of DRA's, such as reduction of the nonlinear effects among 
WDM signal channels, can increase the bandwidth utilization efficiency in 
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WDM systems of some embodiments. Since 1 996, when WDM systems were 
first commercially introduced, the number of wavelength channels has increased 
dramatically (Figure 27). For example^ state-of-the-art systems in 1999 have 
more than 1 00 wavelength channels. Given this rapid increase in channel count, 
5 the question is how to achieve the next decade increase in number of channels — 
or, ultra-dense- WDM (U-D WDM) systems. What are the key enabling 
technologies for systems of 1 000 or more wavelength channels? 

There are fundamental limitations to achieving 1 000 + wavelength 
systems. First, as the density of channels increases, nonlinear interactions 

10 between channels — such as four-wave-mixing and Raman gain tilt - can limit 
the system performance. The second problem of U-D WDM systems is the 
transmitter complexity. For example, if temperature and frequency stabilized 
LD's are used as the light source, then as the density of channels increases, it 
can become increasingly more difficult to reduce the channel spacing. 

1 5 Moreover, as the number of channels increases, the footprint or physical size of 
the transmitter becomes increasingly large. A third challenge of U-D WDM 
systems is the filtering technology. Filters with high-contrast and narrow 
channel spacing are required to place many channels in close proximity to one- 
another. 

20 One illustration of the fundamental fiber nonHnearity limits can be taken 

from a systems viewpoint. The parameters used in one study are: fiber link of 
30km, 1550nm wavelength, loss of 0.2dB/km, A e fr= 50 pm 2 , channel spacing 
of 10GHz, for standard fiber chromatic dispersion of 16 ps/nm-km or for DS 
fiber a chromatic dispersion of 1 ps/nm-km. Figure 28a shows the four-wave- 

25 mixing efficiency as a function of channel spacing at 1550nm. The solid curve 
represents standard fiber, while the dashed curve represents DS fiber. The four- 
wave-mixing efficiency can be much higher in DS fiber because the phase- 
matching can be more readily achieved in low dispersion fiber. Figure 28(b) 
shows the maximum power per channel versus the number of channels that 

30 ensures stimulated Raman scattering (SRS), carrier-induced phase modulation 
(CIP), stimulate Brillouin scattering (SBS), and four-photon mixing (FPM) 
degradations are below ldB for all channels. For standard or DS fiber, channel 
spacing on the order of 10GHz can be problematic. For a number of channels 

5 
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approaching 1000, Raman gain tilt can be the first nonlinearity to affect the 
system, and the power per channel can approach -0.01 mW/channel (-20dBm) 
to avoid nonlinearities. 

Hybrid amplifiers using DRA's can serve as an enabler for 1000* 

r5 wavelength systems. One benefit of DRA's can be better NF, which can be 
used to lower the signal amplitudes so that nonlinear interaction between 
channels can be reduced. Nonlinear effects can be avoided using DRA's. 
Despite operation near the zero dispersion wavelength, four- wave-mixing 
penalties can be avoided in 25-50 channel systems. The optical SNR 

10 improvement using DRA's can be 6.6dB in DS fiber and 7dB in standard fiber. 
The input channel power can be reduced by this many decibels and still 
maintain the system SNR. 

Hybrid amplifiers can improve system with improved NF. This NF 
improvement can be used as additional system margin to extend the spacing 

15 between amplifiers, lower signal powers to avoid fiber nonlinearity or increase 
the system bit-rate. However, these experiments focus on using DRA's only in 
the so-called C-band (between 1530-1565nm), where the discrete amplifier is an 
EDFA. Also, the experiments are made in DS fiber, where the zero dispersion 
wavelength coincides with about 1550nm. One problem with implementing 

20 DRA's in this wavelength range is that it will prevent further expansion of new 
low-loss windows later on. 

There is a need for low noise Raman amplifiers and broadband 
transmission systems. There is a further need for distributed, discrete and 

,., hybrid amplifiers with improved noise figures. Another need exists for optical 

25 amplifiers suitable for wavelengths of 1480 nm or less where the loss of the 
fiber increases. 

SUMMARY OF THE INVENTION 
An object of the present invention is to provide a Raman amplifier with 
30 an improved noise figure. 

Another object of the present invention is to provide a Raman amplifier 
with bi-directional pumping and an improved noise figure. 
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Yet another object of the present invention is to provide a Raman 
amplifier with bi-directional pumping and an improved noise figure, where the 
bi-directional pumping is achieved by using a pump to amplify the signal in a 
counter-propagating manner. 
5 A further object of the present invention is to provide a Raman amplifier 

that is bi-directionally pumped and includes at least a firsthand a second pump as 
well as at least one additional pump that co-propagates with the signal to 

> 

amplify the first pump. 

Yet a further object of the present invention is to provide a Raman 
10 amplifier with multiple orders of Raman pumps that are bi-directional, includes 
at least a first and a second pump and at least one additional pump that co- 
propagates with the signal to amplify the first pump. 

Another object of the present invention is to provide a bi-directionally 
pumped Raman amplifier with pump modules that can be multi-wavelength 
1 5 Raman oscillators, single wavelength Raman oscillators, laser diode pumps and 
combinations thereof. 

Still another object of the present invention is to provide a low noise 
distributed Raman amplifier with bi-directional pumping. 

Yet another object of the present invention is to provide a low noise 
20 discrete Raman amplifier with bi-directional pumping. 

Another object of the present invention is to provide a low noise hybrid 
Raman amplifier with bi-directional pumping. 

These and other objects of the present invention are achieved in a 
Raman amplifier assembly. A Raman amplifier is configured to receive a signal 
25 from a signal source. The signal travels in an upstream direction in the Raman 
amplifier. A first pump source is coupled to the Raman amplifier. The first 
pump source produces a first pump beam that travels in a downstream direction 
and is counter-propagating relative to the signal. A second pump source is 
coupled to the Raman amplifier and produces a second pump beam that travels 
30 in the upstream direction. The second pump source has an average relative 
intensity noise of less than -80 dB/Hz. 
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In another embodiment of the present invention, a multi-stage Raman 
amplifier apparatus includes a Raman amplifier configured to receive a signal 
from a signal source. The signal travels in an upstream direction in the Raman 
amplifier. A first pump source is coupled to the first Raman amplifier. The 
5 first pump source produces a first pump beam in a downstream direction that is 
counter-propagating relative to the signal. A second pump-source is coupled to 
the first Raman amplifier. The second pump source produces a second pump 
beam that travels in the upstream direction. A third pump source is coupled to a 
second Raman amplifier. The third pump source produces a third pump beam 
1 0 that travels in the downstream direction. 

In another embodiment of the present invention, a Raman amplifier 
assembly includes an optical transmission line with a first port and a second 
port. At least a portion of the optical transmission line produces Raman gain. 
A first pump source produces a first pump beam. The first pump beam and a 

1 5 first signal of multiple wavelengths enter the first port and travel in a 

downstream direction from the first port to second port A second pump source 
produces a second pump beam. The second pump beam and a second signal of 
multiple wavelengths enter the second port and travel in an upstream direction 
from the second port to the first port. At least a portion of the second pump 

20 beam pumps the first pump beam, and at least a portion of the first signal 
wavelengths have shorter wavelengths than the second signal wavelengths. 

In another embodiment of the present invention, a Raman amplifier 
assembly includes a Raman amplifier configured to receive a signal from a 
signal source. The signal travels in an upstream direction in the Raman 

25 amplifier. A first pump source is coupled to the Raman amplifier. The first 

pump source produces a first pump beam that travels in a downstream direction 
and is counter-propagating relative to the signal source. A second pump source 
is coupled to the Raman amplifier and has an average relative intensity noise of 
less than -80dB/Hz. The second pump source produces a second pump beam 

30 that travels in the upstream direction. The second pump beam has wavelengths 
that are shorter than wavelengths of the first pump beam. 

8 
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In another embodiment of the present invention, a method of broadband 
amplification provides a Raman amplifier assembly that includes an optical 
transmission line with a first port and a second port. At least a portion of the 
optical transmission line produces Raman gain. The Raman amplifier assembly 
5 is pumped with at least a first pump beam and a second beam. At least a portion 
of the second pump beam pumps the first pump beam. . A-iirst signal of multiple 
wavelengths is introduced into the first port. A second signal of multiple 
wavelengths is introduced into the second port. The first and second signals are 
amplified. 

10 In another embodiment of the present invention, a method of broadband 

amplification provides a first pump source, a second pump source with an 
average relative intensity noise of less than —80 dB/Hz and a Raman amplifier 
assembly. The Raman amplifier assembly includes an optical transmission line 
with a first port and a second port. At least a portion of the optical transmission 

1 5 line produces Raman gain. The Raman amplifier assembly is pumped at the 
first port with at least a first pump beam, and at the second port with a second 
pump beam. The second pump beam has wavelengths that are shorter than 
wavelengths of the first pump beam. A signal is introduced into the second 
port. The signal is amplified. 

20 In another embodiment of the present invention, a Raman amplifier 

assembly includes a Raman amplifier configured to receive a signal from a 
signal source. The signal travels in an upstream direction in the Raman 
amplifier. A first pump source is coupled to the Raman amplifier and produces 
a first pump beam. The first pump beam travels in a downstream direction and 

25 is counter-propagating relative to the signal. The first pump source is 

substantially depolarized. A second pump source is coupled to the Raman 
amplifier and produces a second pump beam. The second pump beam travels in 
the upstream direction and pumps the first pump beam. 

30 BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a graph of Raman gain coefficient in fused silica fiber. 
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Figure 2 is a listing of Raman cascade order wavelengths for various 
pump wavelengths. 

Figurer 3(a) is a schematic diagram of one embodiment of a bi- 
directionally pumped Raman amplifier of the present invention with two pumps. 
5 Figure 3(b) is a graph illustrating pump profile as a function of fiber 

length with a single pump, such as from Figure 3(a). 

Figure 3(c) is a graph illustrating the pump profile, such as for the 
Figure 3(a) Raman amplifier, with two pumps that are counter-propagating. 

Figure 3(d) is a schematic diagram of an embodiment of a Raman 
10 amplifier with multiple Raman orders. 

Figure 4 is a schematic of an embodiment with the signal wavelength in 

i 

the neighborhood of 1 550 nm and transmission fiber length distance of 40 to 45 
km between amplifiers. 

Figure 5 is a graph illustrating the loss versus wavelength for different 
15 types of optical fibers useful in some embodiments. 

Figure 6 is a table of calculation parameters to illustrate the 
improvement in noise figure of some embodiments. 

Figure 7 is a graph illustrating the optical noise figure versus spacing 
between optical amplifiers for forward, backward and bi-directional pumping of 
20 some embodiments of Raman amplifiers. 

Figure 8 is a table of the data from Figure 7. 

Figure 9(a) is a schematic diagram of one embodiment of a transmission 
line that is periodic and has at least two pump modules per period. 

Figures 9(b)-9(c) illustrate embodiments of different pump modules, 
25 which can optionally be used with the transmission line of Figure 9(a). 

Figure 9(d) is a schematic diagram of an embodiment of a transmission 
line with a hybrid amplifier with pumping that goes through a discrete " 
amplifier. 

Figure 10 is a schematic diagram of one embodiment of a dual 
30 wavelength Raman oscillator of the present invention pumped at 1 1 00 nm. 

Figure 1 1 is a schematic diagram illustrating an embodiment of a laser 
diode pumping of an S band distributed Raman amplifier. 

10 
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Figure 12(a) is a schematic diagram of one embodiment illustrating a 
pumping scheme of a hybrid amplifier with a signal near 1550 nm. 

Figure 12(b) is a schematic diagram of one embodiment illustrating 
hybrid amplifier pumping through a discrete amplifier with a signal near 1550 
5 nm. 

Figure 13 is a schematic diagram of an embodimenfc-with broadening of 
the pump wavelength spectrum used in a hybrid amplifier. 

Figure 14 is a schematic diagram illustrating an embodiment with a low 
noise discrete single stage Raman amplifier. 
1 0 Figure 1 5(a) is a schematic diagram of a dual stage Raman amplifier 

embodiment with improved noise performance in the first stage. 

Figure 1 5(b) is a schematic diagram of a dual stage Raman amplifier 
embodiment with improved noise performance in the first and second stages. 

Figure 16(a) is a schematic diagram of an embodiment with a dual stage 
1 5 Raman amplifier with a shunt and improved noise performance in the first 
stage. 

Figure 1 6(b) is a schematic diagram of an embodiment with a dual stage 
Raman amplifier with a shunt and improved noise performance in the first and 
second stages. 

20 Figure 1 7 is a graph of gain versus wavelength for an embodiment of a 

broadband Raman amplifier without pump pre-emphasis. 

Figure 1 8 is a graph of pump power versus fiber length for an 
embodiment of a broadband Raman amplifier without pump pre-emphasis. 

Figure 19 is a graph of gain versus wavelength for a broadband Raman 
25 amplifier with pump pre-emphasis. 

Figure 20 is a graph of pump power versus fiber length for a broadband 
Raman amplifier with pump pre-emphasis. 

Figure 21(a) is a schematic diagram of an embodiment with five laser 
diode pumping with pump pre-emphasis in Raman amplifiers. 
30 Figure 21(b) is a schematic diagram of an embodiment with multiple 

laser diodes pumping with higher power for shorter wavelengths for pump pre- 
emphasis in Raman amplifiers. 
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Figure 22(a) is a schematic diagram of an embodiment with multiple 
laser diodes and Raman oscillators pumping with higher power for shorter 
wavelengths for pump pre-emphasis in Raman amplifiers. 

Figure 22(b) is a schematic diagram of an embodiment with multiple 
5 laser diodes pumping in combination with dual wavelength Raman oscillators 
with higher power for shorter wavelengths for pump pre-emphasis in Raman 
amplifiers. 

Figure 23 is a graph of gain versus wavelength for a discrete Raman 
amplifier of an embodiment with pump pre-emphasis. 
10 Figure 24 is a schematic diagram of one embodiment of a dual stage 

amplifier. 

Figure 25 is a graph of gain versus wavelength for an S band dual stage 
amplifier, such as for the embodiment of Figure 24. 

Figure 26 is a graph of noise figure versus wavelength for an S band 
1 5 dual stage amplifier, such as for the embodiment of Figure 24. 

Figure 27 is a historical graph illustrating the increase in the number of 
wavelengths versus year. 

Figure 28(a) is a graph of the efficiency of four wave mixing penalty 
versus channel separation. 
20 Figure 28(b) is a graph of the maximum power per channel versus the 

number of channels as limited by different fiber non-linear effects. 

Figure 29 is a schematic diagram of an embodiment illustrating removal 
of channels to reduce four wave mixing penalties. 

Figure 30 is a schematic diagram of an embodiment of a dense WDM 
25 system with 10 GHz channel spacing. 

Figure 3 1 is a graph of loss versus wavelengths comparing the 
wavelength range over which hybrid and discrete amplifiers can be operated. 

Figure 32(a) is a schematic diagram of an embodiment of a multi-band 
amplifier.module using a single WDM to split or combine the bands and 
30 distributed Raman amplification in the S+ band. 

Figure 32(b) is a schematic diagram of an embodiment of a multi-band 
amplifier module using multiple WDM's to split or combine the bands and 
distributed Raman amplification in the S+ band. 

12 
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Figure 33(a) is a schematic diagram of an embodiment of a multi-band 
amplifier module using a single WDM to split or combine the bands and hybrid 
amplification in the S+ band. 

Figure 33(b) is a schematic diagram of an embodiment of a multi-band 
5 amplifier module of the present invention using multiple WDM's to split or 
combine the bands and hybrid amplification in the SH- band-- 

Figure 34(a) is a graph of gain versus length for an amplifier. 

Figure 34(b) is another graph of gain versus length for an amplifier. 

Figure 35 is a schematic diagram of an embodiment of a Raman 
10 amplifier. 

Figure 36 is a schematic diagram of an embodiment of a DRA. 

Figures 37 and 38 are graphs of optical noise figure, such as for the 
embodiment of Fig. 36. 

Figure 39 is a schematic diagram of an embodiment of a tri-band DRA. 
1 5 Figure 40 is a graph of span Raman gain (dB) versus wavelength (nm). 

Figure 41 is a graph of total gain or loss (dB) versus wavelength (nm). 

Figure 42 is a graph of effective NF (dB) versus wavelength (nm). 

Figure 43 is a graph of loss and DRA NF (dB) versus wavelength (nm). 

Figure 44 is a block chart of various embodiments of DRAs. 
20 Figure 45 is another block chart of various embodiments of DRAs. 

Figure 46 is a block chart of various embodiments of pump 
configurations. 

Figure 47 is a block chart of various embodiments of discrete amplifiers. 

Figure 48 is a block chart of various embodiments of broadband DRA's. 
25 Figure 49 is a block chart of various embodiments of Raman amplifiers. 

Figure 50 is a block chart of various embodiments of U-DWDM 
systems. ~ 

Figure 51 is a block chart of various embodiments of uses of amplifiers. 

Figure 52 is another block chart of various embodiments of uses of 
30 amplifiers. 

DETAILED DESCRIPTION 
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The noise performance for distributed Raman amplifiers (DRA's) can be 
improved by using a multiple Raman order pumping scheme. The signal 
wavelength can be pumped by a Raman order (i.e., n Raman order or pump 
Raman order). The pump Raman order can be amplified by the previous Raman 
. , , 5 order (i.e., n-1 Raman order or intermediate Raman order). The low-noise DRA 
pumping scheme can be arranged so that the n 01 Raman order is counter- 
propagating to the signal, while the n-1 Raman order is co-propagating with the 
signal. In this configuration, the pump fluctuations from the Raman order do 
not couple to the signal. The n* Raman order can be amplified closer to the 

1 0 input of one period of the amplifier length by the n-1 Raman order, thereby 

improving the noise figure of the amplifier. More generally, the pump Raman 
order can be arranged to be counter^propagating to the signal direction, and 
alternate previous Raman orders can be arranged to be counter-propagating to 
each of the subsequent Raman orders (i.e., consecutive Raman orders alternate 

15 in direction). This alternating pumping scheme can give a more uniform profile 
for the gain. This achieves a number of advantages, including one or more of 
boosting the pump near the beginning of each period of the amplifying segment 
to improve the NF for the DRA; and achieving a more uniform application 
profile which can be important for high-bit-rate systems and soliton based 

20 systems. Because the pump Raman order can be counter-propagating to the 
signal, the noise coupling between pump and signal can be minimized. 
Additionally, amplifying the pump can be a way to accumulate more pump 
power in the fiber. This can be particularly important when weaker pumps such 
as laser diodes are used, where the powers from different laser diodes can be 

25 combined. 

In one exemplary system, the Raman pumps can be placed at amplifier 
spacings of 40-45km, corresponding to one exemplary hut spacing in a- 
telecommunication system. The amplification scheme can either be a pure 
DRA or a hybrid scheme comprising a discrete and distributed amplifier. The 

30 pump Raman order light can propagate upstream toward the signal source, 

while the intermediate Raman order can propagate downstream in the direction 
of the signal. For example, the hybrid amplifier could be an erbium-doped fiber 
amplifier (EDFA) that operates around i 550nm combined with a DRA. A 
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pump Raman order (XI th order) can be introduced, counter^propagating around a 
wavelength of 1450nm, while the intermediate Raman order (n-1 order) can be 
. inserted, co-propagating around a wavelength of 1365nm. 

The low-noise DRA or hybrid amplifier can be pumped by either 
5 separate pumps or by dual-wavelength Raman oscillators. The dual-wavelength 
Raman oscillator can be a periodic transmission filter, with-output couplers used 
along two arms of the cavity in the n m and n-1 Raman orders. Alternately, the 
n and n-1 Raman order pumps can be laser diodes at the appropriate Raman 
wavelengths, where subsequent orders are separated by approximately 13.2THz. 

1 0 This provides a convenient way to combine and accumulate sufficient laser 
diode power from a number of laser diodes. The n* order pump can be 
combined with the pump for the discrete amplifier in a hybrid amplifier scheme. 
For example, a pump between 1450-1480nm can be used to pump both a 
discrete EDFA as well as the DRA in the n^ order. 

15 Multiple Raman orders to improve the amplifier NF and distribution of 

gain can also be used in discrete Raman amplifiers. In the discrete amplifier, a 
gain fiber can be inserted into the transmission line rather than using the 
transmission fiber as a gain medium. The NF improvement arises from 
boosting the pump at the entry point of the amplifier. A counter-propagating 

20 geometry can minimize the pump-to-signal coupling of fluctuations. Finally, in 
some embodiments pump lasers both at the pump Raman order as well as the 
intermediate Raman order can combine more laser diode powers. 

Beyond the noise figure, other possible areas of improvement for DRA's 
include addressing limited bandwidth (e.g., about 20-25nm) and high pump 

25 power requirements. One embodiment achieves a relatively flat and broadband 
DRA with a pump pre-emphasis technique combined with the spatial and 
spectral evolution of the Raman gain profile down the length of the transmission 
fiber. The nonlinear interaction between the pumps can be applied to discrete 
Raman amplifiers as well as DRA's. One embodiment improves the efficiency 

30 of Raman amplifiers by increasing the effective nonlinearity of the fiber used as 
the gain medium. One embodiment increases the effective nonlinearity without 
significantly increasing the loss or dispersion in the fiber, and keeping the cut- 
off wavelength of the fiber shorter than the pump wavelengths. 

15 
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Finally, some embodiments of DRA's are systems enabled by use of the 
DRA's. In one exemplary system, the benefits of DRA — such as reduction of 
nonlinear effects among WDM signal channels - can increase the bandwidth 
utilization efficiency in WDM systems. For example, by using low-noise 
5 DRA's, the channel spacing can be reduced in some embodiments to 10GHz, 
thereby enabling 100's of wavelength channels in WDM systems. In one 
embodiment, a source for such a dense- WDM system can be a continuum 
generation source in which the longitudinal modes serve as different wavelength 
channels. In another embodiment, DRA's can permit bandwidth expansion into 

10 the S + -band and shorter wavelengths (i.e., wavelengths shorter than 1480nm), 
where the loss in the fiber can increase beyond 0.03dB/km above the fiber loss 
minimum around 1550nm. 

In some embodiments, by using multiple order Raman pumping of a 
DRA, some of limitations of current schemes of DRA can be minimized. Some 

15 current DRA schemes can be restricted to a counter-propagating pumping 
scheme, which leads to reduced NF and limited fiber length over which the 
DRA is effective. Both of these limitations can arise from the attenuation of the 
pump as itpropagates down the fiber. Therefore, if a way of boosting the pump 
down the transmission line existed, the NF and length restrictions could be 

20 minimized. One embodiment is a Raman amplifier with an improved noise 
figure. Another embodiment makes the pump profile as a function of length 
more uniform with bi-directional pumping. The co-propagating pump can 
couple fluctuations to the signal, degrading the NF. Another embodiment is a 
Raman amplifier with bi-directional pumping having an improved noise figure. 

25 Thus, bi-directional pumping can be used with an extremely low-noise pump. 
Another embodiment boosts the pump down the transmission line with the 
• :t previous Raman order to amplify the pump Raman order. 

In another embodiment, a Raman amplifier with bi-directional pumping 
has an improved noise figure. Bi-directional pumping can be achieved with a 

30 pump to amplify the signal in a counter-propagating manner. One embodiment 
is a bi-directional Raman amplifier with at least a first and a second pump as 
well as at least one additional pump that co-propagates with the signal to 
amplify the first pump. The signal wavelength can be pumped by a Raman 
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order (i.e., n Raman order or pump Raman order). The pump Raman order can 
be amplified by the previous Raman order (i.e., n-1 Raman order or 
intermediate Raman order). 

The low-noise DRA pumping scheme can be arranged so that the n* 
5 Raman order is counter-propagating to the signal, while the n-1 Raman order is 

co-propagating with the signal (c.f. Figure 3a). In this configuration, the pump • 
fluctuations from the n* Raman order do not couple to the signal. Also, the n* 
Raman order can be amplified closer to the input of one period of the amplifier 
length by the n-1 Raman order, thereby improving the noise figure of the 

1 0 amplifier (Figs. 3b,c). One embodiment is a bi-directional Raman amplifier 
with multiple orders of Raman pumps and includes at least a first and a second 
pump and at least one additional pump that co-propagates with the signal to 
amplify the first pump. 

The pump Raman order can be arranged to be counter-propagating to the 

1 5 signal direction, and alternate previous Raman orders can be arranged to be 

counter-propagating to each of the subsequent Raman orders (i.e., consecutive 
Raman orders alternate in direction) - Figure 3d. This alternating pumping 
scheme can give a more uniform profile for the gain. In one embodiment, the 
Raman pumps can be placed at amplifier spacings of 40-45km, corresponding to 

20 one possible hut spacing in telecommunication systems (Figure 4). Since the 
pump attenuation can range from 0.3-0 .4dB/km (c.f. Figure 5), in some 
embodiments the pump effectiveness in providing Raman gain can be restricted 
to a few Lefr lengths, or about 1 0-20km. 

Another embodiment is a low noise distributed Raman amplifier with bi- 

25 directional pumping. Another embodiment is a low noise hybrid Raman 

amplifier with bi-directional pumping. The 40-45km spacing can keep the DRA 
effective all the way through the transmission line. The amplification scheme 
can either be a pure DRA or a hybrid scheme comprising a discrete and 
distributed amplifier. The pump Raman order light propagates upstream toward 

30 the signal source, while the intermediate Raman order propagates downstream 
in the direction of the signal. In one example, the hybrid amplifier could be an 
erbium-doped fiber amplifier (EDFA) that operates around 1 550nm combined 
with a DRA. A pump Raman order (XX th order) is introduced counter- 
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propagating around a wavelength of 1450nm, while the intermediate Raman 
order (n-1 order) is inserted co-propagating around a wavelength of 1365nm. 
Also listed in Figure 4 are other previous order Raman wavelengths, which can 
be used to extend the scheme to more than two pump orders in other 
5 embodiments. 

The improvement in NF for this 1550nm signal. wavelength from using 
the multi-Raman order pumping scheme in some embodiments can be estimated 
using some simple calculations. Losses for different wavelengths can be 
assumed to be: at 1550nm ~0.2dB/km, at 1450nm ~0.3dB/km, and at 1365nm 
10 ^035dB/km (see Figure 5). The details of the calculated case are provided in 
Figure 6. 

The computed noise figure is shown in Figure 7, and a tabulation of the 
noise figure for different embodiments' pump configurations versus length is 
included in Figure 8. The backward pump case refers to using a single pump 

15 that decays toward the input, and this case can have the worse noise figure. It 
can be used with the counter-propagating pump reducing noise coupling 
between the signal and pump. The forward pump has theoretically the best 
noise figure. The bi-directional pumping using two cascaded Raman orders is 
also shown in Figure 7, and it has an optical noise figure between the two 

20 limiting cases of forward and backward pumps. At 40km amplifier spacing^ the 
bi-directional pumping gives more than ldB improvement in noise figure over 
the backward pumped case. At 80km amplifier spacing, the bi-directional 
pumping gives ~ 4dB improvement in noise figure over the backward pumped 
case. 

25 In another embodiment, a bi-directional Raman amplifier is provided 

with pump modules that can be multi-wavelength Raman oscillators, single 
wavelength Raman oscillators, laser diode pumps and combinations thereof. 
The low-noise DRA or hybrid amplifier can be pumped by either separate 
pumps or by dual-wavelength Raman oscillators (Figures 9(a) and 9(b)). The 

30 dual- wavelength Raman oscillator can be of the design of a periodic 

transmission filter, with output couplers used along two arms of the cavity in the 
and n-1 Raman orders (Figure 9(c)). In another embodiment, the n th and n-1 
Raman order pumps can be laser diodes at the appropriate Raman wavelengths, 
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where subsequent orders can be separated by approximately 13.2THz (Figure 
9(d)). Sufficient laser diode power from a number of laser diodes can combine 
and accumulate. The n m order pump can be combined with the pump for the 
discrete amplifier in a hybrid amplifier scheme (Figure 9(e)). For example, a 
5 pump between 1450-1480nm can pump both a discrete EDFA as well as the 
DRA in the n m order. — 

An exemplary dual-wavelength Raman oscillator of Figure 9(c) is 
illustrated in more detail in Figure 1 0. This embodiment of a Raman oscillator 
is of a periodic filter design. A dual-wavelength Raman oscillator is shown for 

10 a signal band around 1 550nm. Hie two output wavelengths desired can be 

around 1450nm and 1365nm. A broadband mirror (i.e, either dielectric coating 
or a Sagnac loop mirror) and a gain fiber can form one end of the cavity. A 
periodic filter can separate the paths for alternate Raman orders. Narrow-band 
reflectors such as fiber gratings can form the cavities for each of the 

15 intermediate Raman orders. For the two output Raman wavelengths desired, 
output couplers can be used that can have a transmission between 5 to 30 
percent. In embodiment of a cavity design the two desired Raman orders can be 
automatically separated. The periodic filter can help to reduce losses and any 
heating effects that may exist in the gratings. 

20 The multiple Raman order pumping scheme can be used to enhance the 

combination of power from different LD's. As an example, Figure 1 1 shows 
how a short-wavelength band (S-band) amplifier at approximately 1480nm can 
be made with laser diodes at convenient wavelengths. Since the zero dispersion 
wavelength for standard single-mode fibers can be around 131 Onm, LD 

25 technology for 13 lOnm semiconductor lasers can be fairly mature. Efforts have 
been made to make LD's around 1400nm. The LD's for 13 lOnm can be made 
from InGaAs ternary compound semiconductors, while the LD's for 1 3 IDnm or 
1400nm can be made from InGaAsP quaternary compound semiconductors. 
For an S-band amplifier centered around 1480nm, the two required pump orders 

30 can be around 1390nm for the 11 th order and around 131 Onm for the n-1 order. 
Different LD's can be combined in each pump module with a combination of 
polarization multiplexing and wavelength division multiplexing, as shown in 
Figure 1 1 . Although the power per LD may be limited, by combining several 
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LD's and by using the two Raman orders to transfer power to the signal, 
adequate power levels can be reached for Raman amplification (i.e., above 
400mW) in some embodiments. 

In one embodiment of a hybrid amplification scheme, the pumping 
5 configuration can be simplified by using a common pump for the discrete and 
distributed amplifier. The pump Raman order (n** 1 .order) can be used to pump a 
discrete Raman amplifier or a discrete amplifier such as an EDFA. For 
example, a pump between 1450-1480nm can be used to pump both a discrete 
EDFA ias well as the DRA in the n* order. (Figure 12). The pump band for 
10 EDFA's can peak around 1480nm, and absorption can exist down to below 
1450nm. Ann* order Raman pump in the wavelength range of -1450 to 
—1 480nm can be used both as a discrete EDFA pump as well as the backward 
pump for a DRA. The corresponding n- 1 order forward Raman pump can be in 
the wavelength range of ~1365 to ~1390nm. The n^ order pump can be split 
15 and sent separately to the DRA and EDFA (Figure 12(a)). The DRA can be 
pumped with the remaining power after the EDFA (Figure 12(b)). Figure 9 
shows an embodiment where the pump lasers can be combined LD's or single 
or dual-wavelength Raman oscillators. 

Another embodiment pumps the hybrid amplifier by broadening the nth 
20 order pump wavelength using nonlinearities in fibers. For propagation near the 
zero dispersion wavelength of a fiber, the pump beam can experience spectral 
broadening due to a phenomena known as four- wave mixing (4WM) or 
parametric amplification (PA). Sending a high-powered n order pump through 
a fiber with appropriately selected zero dispersion wavelength can lead to a 
25 broader pumping band that can pump both discrete and distributed amplifiers. 
Figure 13 illustrates an embodiment of a pumping scheme for the signal band 
around 1550nm, such as in Figure 12. For instance, a high-powered pump can 
be selected around 1465nm. With a fiber having a zero dispersion wavelength 
around 1465nm, the pump spectrum can be broadened to cover the range of at 
30 least 1450 to 1480nm. The pump lead fiber should have the group velocity 

dispersion less than or equal to about 2ps/nm/km. The fiber can be dispersion 
managed (i.e., combine different dispersion fibers to cancel out some of the 
dispersion) to achieve this dispersion around 1465nm. In one embodiment, if 
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the discrete amplifier is an EDFA, it can absorb wavelengths closer to 1 480nm. 
In one embodiment, the DRA can pump wavelengths around 1450nm for a 
signal band around 1550nm. A spectrally broadened pump can effectively 
pump both the discrete EDFA and the DRA. 

5 In another embodiment, a low noise discrete Raman amplifier can have 

bi-directional pumping. Advantages mentioned above can .benefit discrete 
amplifiers. In the discrete amplifier, a gain fiber can be inserted into the 
transmission line rather than using the transmission fiber as a gain medium. 
Discrete amplifiers can be in single or multiple stages. The NF improvement 

10 again arises from boosting the pump at the entry point of the amplifier. In one 
embodiment, a counter-propagating geometry can minimize the pump-to-signal 
coupling of fluctuations. Pump lasers both at the pump Raman order as well as 
the intermediate Raman order can combine more laser diode powers. 

One embodiment of a single-stage discrete Raman amplifier using the 

V;... 

15 multi-order pumping scheme is illustrated in Figure 14. The discrete amplifier 

* 

comprises a gain fiber surrounded by two WDM's for inserting the pumps. In 
some embodiments, one or two isolators surrounding the amplifier can be 
inserted to avoid lasing or feedback from reflections. The dual-wavelength 
pump module can be similar to Figure 9, comprising different order oscillators, 

20 a dual-wavelength Raman oscillator or different LP combinations. The n* 

order pump can be made counter-propagating to the signal, while the n- 1 order 
intermediate order can be made to be co-propagating to the signal. The n-1 
order helps to boost the gain for the signal at the entry point into the gain fiber, 
thereby improving the NF of the amplifier. 

25 The multiple-Raman order pumping can be advantageous for multi-stage 

Raman amplifiers. For example, Figure 15 illustrates embodiments of dual- 
stage Raman amplifiers, where the first stage can be a low-noise pre-amplifier 
while the second stage can be a power amplifier. An isolator can be placed 
between the two sections to minimize the effects from stray reflections as well 

30 as multi-path interference. In addition, lossy modules, such as dispersion 

compensation elements or optical add/drop multiplexers, may also be placed at 
an intermediate stage between the two gain sections. If the n-1 order pump can 
be used in one place, an important position in one embodiment is in the low- 
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noise pre-amplifier, as illustrated in Figure 15(a). Further improvements in the 
gain and NF can be obtained by inserting a second n-1 order pump at the entry 
point to the high-gain segment, as shown in the embodiment of Figure 1 5(b). 

An embodiment of a more-efficient dual-stage design is shown in Figure 
5 16. The first stage can be a low-noise pre-amplifier while the second stage can 
be a power amplifier. The n^ order pump can be used firstin the low-noise pre- 
amplifier, and then any residual n m order pump power can be fed back to the 
second stage and used to pump the power amplifier in a counter-propagating 
fashion. In one embodiment, if the n-1 order pump can be used in only one 
10 position, the coupling location is the beginning stage of the low-noise pre- 
amplifier (Figure 1 6(a)). In another embodiment, more gain and better NF can 
be obtained by adding a second n-1 order pump at the beginning of the power 
amplifier (Figure 16(b)). In some embodiments, isolators can be placed in the 
pump loop-back paths as indicated in Figure 16 to improve the multi-path 
15 interference for the signal. 

As shown in Figure 1, the gain bandwidth of Raman amplification with 
a single pump can be on the order of 20nm. To make broadband Raman 
amplifiers, multiple pumps at different wavelengths can be used. However, in a 
DRA, the nonlinear interaction between pumps can make it difficult to achieve 
20 a broadband DRA. In particular, through the Raman effect in the fiber, the 

longer wavelength pumps rob energy from the shorter wavelength pumps. As a 
consequence, longer wavelength bands receive more gain than shorter 
wavelength bands. 

One embodiment achieves relatively flat and broadband DRA with a 
25 pump pre-emphasis technique combined with the spatial and spectral evolution 
of the Raman gain profile down the length of the transmission line. Given that 
there can be non-linear interaction between pumps, the interaction can be 
exploited to create a more uniform gain profile. Since DRA's can use the entire 
length of transmission line, the long transmission length can allow the pump 
30 power to re-distribute and provide more uniform pumping. In some 

embodiments the shortest wavelength pump beam should be the highest power, 
and then the longer wavelength pumps should be in sequentially diminishing 
power levels at the input to the fiber. Then, as the pumps propagate down the 
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length of the transmission fiber, the pump power starts at the shortest 
wavelength and shifts along the fiber length to the longer wavelength pumps. 
The pump pre-emphasis magnitude can depend on details of the system, 
including pump power, fiber effective area, fiber length, fiber loss and Raman 
5 gain coefficient. 

A hybrid amplifier can use discrete erbiumrdoped fiber amplifiers 
combined with DRA's. The conventional (C-band) and long-wavelength (L- 
band) erbium-doped fiber amplifiers cover the wavelength range from about 
1530 to 1610nm. Computer simulations can study the effect of different 
1 0 pumping schemes. One embodiment has pump wavelengths of 1430, 1450, 
1470, 1490 and 1510nm. The net power over all of these pump bands can be 
925mW in one embodiment. The parameters for the simulations in one 
embodiment are: 

> effective area Aeff= 50 fim 2 
15 > link length L = 40km 

> lossat 1310nm: 0.35dB/km 

> lossat 1380nm: 0.3dB/km 

> lossat 1550nm: 0.2dB/km 

In one embodiment multiple Raman pumps can be launched at equal 
20 powers to provide DRA over the C and L bands. For example, 5 Raman pumps 
can be launched at equal powers of 1 85mW per pump. Figure 1 7 shows an 
example of gain when equal pump powers are launched, and Figure 1 8 shows 
an example of the evolution of the different pumps along the transmission fiber. 
The gain can be highly non-uniform with a change of almost 20dB between 
25 1530 and 1 61 Onm. The pump evolution in Figure 1 8 shows that the power can 
shift rapidly to longer wavelengths, thereby creating higher gain at the longer 
wavelengths. 

Pump pre-emphasis can be used, and the evolution down the fiber. In 
one example, pump powers launched can be: 500mW at 143 Onm, 250mW at 
30 1450nm, lOOmW at 1470nm, 50mW at 1490nm and 25mW at 1510nm (note: 
same net power as in above case). In this example, the pumps can be assumed 
to be much stronger than the signal powers, so there is no pump depletion. The 
resulting gain profile is shown in Figure 1 9 for this example, and the gain is 1 5 
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± 2dB over the entire band between 1 530 and 161 Onm. Further gain flattening 
elements — such as Mach-Zehnder interferometer filters, long-period gratings or 
acousto-optic devices - can be used to further flatten the gain in other 
embodiments. In another embodiment, more pumps at closer wavelength 
5 spacing can be used to create a flatter gain profile. The pump evolution for the 
different wavelengths is shown in Figure 20, and the pealcfor longer 
wavelength pumps is seen to occur further down the fiber during the spatial 
evolution. 

The Raman pump used for the broadband amplification can be various 

10 combinations of laser diodes (LD's) and Raman oscillators. Figs. 21 and 22 
show other embodiments with pumps. One exemplary pumping scheme 
combines different LD' sat each of the pump wavelengths (Figure 21 (a)). If 
sufficient LD power does not exist, for example for the shortest wavelength at 
the highest power, then different LD's that are polarization and/or wavelength 

15 multiplexed can be used (Figure 2 1 (b)). In another embodiment, a high- 
powered Raman oscillator can provide the 1 st and, if necessary, 2 nd pump 
wavelengths, and the longer wavelength weaker pumps can be LD's (Figure 
22(a)). One advantage of the Raman oscillators in some embodiments is that 
higher powers are readily available at this time. A Raman oscillator of the 

20 design of a periodic filter can be used with, for example, one or two output 
couplers to obtain the shortest wavelength pumps (Figure 22(b)). 

Pump pre-emphasis can be used in discrete Raman amplifiers. Figs. 1 8 
or 20 show that the pump re-distribution activity can occur in fiber lengths 
under about 1 5km in some embodiments. For discrete Raman amplifiers with 

25 lengths on the order of 8-1 5km (for example, Raman amplifiers made in 

dispersion-shifted fiber), pump pre-emphasis techniques can be used to broaden 
the gain bandwidth. For instance, the gain for the DRA in Figure 1 9 is- 
recalculated for the case of a 15km length of gain fiber and shown in Figure 23. 
Although the fiber length is reduced from 40km back to 1 5km, the gain profile 

30 remains very similar. The same parameters are used as in Figure 19, except that 
the power in the longest two pump wavelengths can be slightly increased. The 
power shift to the longest wavelengths is not complete in the 1 5km. Therefore, 
the pump powers used for the example in Figure 23 are: 500mW at 1430nm, 
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250mW at 1450mW, lOOmW at 1470nm, 80mW at 1490nm (slight increase 
from 40km case), and 70m W at lSlOnin (increase from 40km case). The 
resulting gain is approximately 13±1 dB over the range from 1530 to 1610nm. 
Just as in the DRA, for a discrete amplifier, the pump can be a 
5 combination of LD's and Raman oscillators. Also, the pump pre-emphasis 
technique can be used for both single and multi-stage amplifiers. In some 
embodiments, the addition of longer wavelength LD's offers a way of 
upgrading discrete or distributed Raman amplifiers. A high-powered Raman 
oscillator, such as illustrated in Figs. 10 or 22b, can pump the amplifier in one 

10 embodiment. In other embodiments, by the addition of the long wavelength 
LD's, the gain bandwidth can be increased. In other embodiments* by 
adjustment of the amplitude of the long wavelength LD's, the gain tilt can also 
be varied, for example, with a Raman oscillator pump. 

Broadband Raman amplifiers with multiple pump pre-emphasis can be 

1 5 combined with multiple-order Raman pumping from the two sides to lower the 
noise figure. For broadband and low-noise case embodiments, multiple 
wavelength pumps can be used at the various Raman order pumps. For 
example, if four wavelengths are used to achieve a certain gain bandwidth in the 
n m order pump, then from the opposite side the amplifier can also be pumped by 

20 four wavelengths at the n-1 order. Because of the spatial evolution down the 
length of the fiber, the noise figures can be improved over the counter- 
propagating case, and the amount of improvement may vary for different gain 
bands. 

Due to the high pump power requirements of Raman amplifiers, some 
25 embodiments include higher efficiency Raman amplifiers, where the efficiency 
can be defined as the ratio of signal output to pump input. In one embodiment, 
the efficiency can be improved to the point that laser diodes (LD's) can be used 
to directly pump the Raman amplifier. As an exemplary benchmark, for a dual 
stage amplifier made from dispersion-shifted fiber (DSF) with a gain of >15dB 
30 and an electrical noise figure of <6dB, a pump power of about 1 W can be 

required from the Raman oscillator or pump laser. This power level can require 
the combined powers from about eight LD's in one embodiment. If the pump 
requirements could be dropped by a factor of four or so, the pump powers could 
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be achieved with the combination of two LD's that are polarization multiplexed 
in another embodiment. In one embodiment, four LD's could be used to 
provide more than 0.5 W of power, and the remaining improvement factor could 
be used to reduce the gain fiber lengths. .., 
5 , One embodiment improves the efficiency of Raman amplifiers by 

increasing the effective nonlinearity of the fiber used as the. gain medium. The 
effective nonlinear coefficient for the fiber can be defined as 

where nz is the nonlinear index of refraction and Aeff is the effective area of the 

10 fiber. The Raman gain coefficient can be directly proportional to y. The Raman 
coefficient is the imaginary part of the nonlinear susceptibility while the index 
is proportional to the real part of the susceptibility, and the nonlinear index and 
Raman gain will be related by the so-called Kramers-Kronig relations. For a 
dispersion shifted fiber at 1550nm wavelength with an n2 = 2.6 x 10' 16 cm^/W 

1 5 and an A e ff = 50/um 2 , the nonlinear coefficient can be about y = 2 W^km' 1 . If 
this value is raised to over 3 FW 1 , then the pump power or fiber lengths can 
be reduced in proportion to the increase in nonlinear coefficient 

Beyond the constraint on the Raman gain coefficient, the dispersion in 
the amplifier can be restricted. To maintain a relatively low level of dispersion 

20 in the vicinity of the signal wavelengths, the zero dispersion wavelength X 0 can 
be in close proximity to the operating wavelength. For single-channel, high-cit- 
rate systems, one embodiment minimizes the dispersion by placing the signal 
wavelength within lOnm of the X^>. For some embodiments of multi-wavelength 
WDM systems, where the channels can interact through four-wave mixing in 

25 the vicinity of X 09 a dispersion-managed fiber can be used. A dispersion- 
managed fiber can have a locally high dispersion but a path-averaged value for 
dispersion close to zero by combining lengths of plus and minus values for the 
dispersion around the operating band. For the operating wavelength band, some 
segments of fiber can have 7^ at shorter wavelengths and some segments of 

30 fiber can have Xo at longer wavelengths. 
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By proper design of the fiber, higher nonlinearity and lower dispersion 
can be achieved. For example, for operation in the S-band around 1 520nm, 
high nonlinearity fibers have been produced. The fiber core can have a 
modified parabolic refractive index profile with a A pea k ~ 2%: Three exemplary 
5 fibers have zero dispersion wavelengths of 1524nmj 1533nm and 1536nm. 
Such fibers can have a dispersion slope of 0.043 ps/nm -km; and the loss at 
1550nm can be approximately 0.6dB/km. The nonlinear coefficient can be y = 
9 W^knf 1 , or a factor of 4^5x higher than in DSF. The enhancement can be 
attributed to two factors: a smaller effective area and a higher germanium 

1 0 content. The effective area can be reduced to about A*ff = 1 6.5 pm , or about a 
factor of 3.3 less than in DSF. Also, the nonlinear index of refraction is about 
1 35x larger than in DSF due to the extra germanium used to increase A pea k 
from 1% in DSF to 2% for the high nonlinearity fiber. In addition the mode 
field diameter at 1550nm can be measured to be 4.67 jim. 

1 5 For the gain fiber used in the Raman amplifier, a figure-of-merit for the 

fiber can be defined in some embodiments. A figure-of-merit that can be 
measured and indicate amplifier performance is the ratio of the Raman gain 
coefficient to the loss at the signal wavelength. The higher this figure-of-merit, 
the better the performance of the amplifier. This figure-of-merit for different 

20 fibers in some embodiments is provided in Table 1 . In one embodiment the 
lowest figure-of-merit is found for standard (non-dispersion-shifted) SMF-28 
fiber. This fiber can have a low germanium content and a relatively large A e fr = 
86 |im 2 . The figures-of-merit for the high-nonlinearity (Hi-NL) fiber can 
exceed the other fibers, with a value about two-fold larger than Lucent True- 

25 wave fiber in one example. Although the DCF's can have a relatively large 
figure-of-merit for Raman amplification, they can have very large dispersion 
coefficients for S-band signals. 

Table 1 . Comparison of Raman gain figure-of-merit for different fibers 
30 measured. 
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Fiber Type 


Gain [dBAV-km] 


Loss [dB/km] 


Figure-of-Merit 


- 


@ ISOOnm 


@1500nm 




Corning SMF-28 


2.2 


0.19 


11.6 


Lucent True- Wave 


3.3 


0.21 


15.7 


Corning SMF-DS 


4.0 


0.2 


20.0 


Corning DCF 


11.75 


0.445 - 

t 


=26,4 


Lucent DCF 


13.72 


0.5 


27.6 


Hi-NL 


18.0 


0.6 


30.0 



One embodiment with Hi-NL fiber has significant improvements in 
terms of fiber length and pump power used in a Raman amplifier. One 
embodiment has an amplifier made out pf Lucent True-Wave fiber. The 
5 > specifications for the unit can be: low dispersion around 1520nm, 15dB of peak 
gain, electrical and optical NF under 6dB, and multi-path interference (MPI) 
under 50dB. A two-stage design for the Raman amplifier can be used, as 
illustrated in Figure 24. In particular, 6km of True- Wave fiber can be used in 
the first stage and 10- 12km of fiber can be used in the second stage. The 
10 measured performance of the amplifier can be: peak gain of 15.2dB at 1516nm, 

3dB bandwidth of 26nm (between 1 503-1 529nm), and electrical and optical 

■ f 1 1 ... 

noise figure under 6dB. For example, the gain versus wavelength and noise 
figure versus wavelength for the unit is illustrated in Figs. 25 and 26. This 
performance can have a pump power of about 1 .0 W at 1421nm. 

15 In one embodiment, the True- Wave fiber in this design is replaced with 

Hi-NL fiber. Reductions in fiber lengths and pump power requirements can be 
achieved. The Hi-NL fiber can meet the dispersion requirement in some 
embodiments. The DCF fibers can lead to the introduction of large amounts of 
dispersion. Referring to the Table 1 comparison, the fiber lengths can be 

20 chosen to keep roughly the same amount of net loss. In one embodiment, fiber 
lengths can be roughly 2km for the first stage and 3.3-4km for the second stage. 
Pump power requirements can be lowered by the ratio of figures-of-merit, or 
roughly to 0.5 W. in various embodiments, this power range can be provided by 
the Raman oscillator, or by polarization and wavelength multiplexing 3-4 LD's 
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together. Hi-NL fiber can reduce the size of the amplifier as well as permit LD 
pumping in some embodiments. 

The fiber can have single-mode operation for the pump as well as the 
signal wavelengths in some embodiments. Cut-off wavelength A* of the fiber 
5 can be shorter than any of the pump wavelengths in some embodiments. The 

pump can be multi-mode, and noise can be introduced from the beating between 
modes in other embodiments. 

Various embodiments have reduction of the Raman amplifier size and 
pump requirements while maintaining low net dispersion at the operating 
10 wavelengths, and include one or more of: 

(A) A Raman amplifier using a gain fiber characterized in that 
•> nonlinear coefficient y > 3 W^km" 1 

> zero dispersion wavelength in the range of 1300 < Xq < 1 800niri, 
depending more precisely on the specifications , 

15 > Loss over the operating wavelength of < 2dB/km, with a 

preference for loss < ldB/km 

(B) A Raman amplifier using a dispersion managed gain fiber 
characterized in that 

> nonlinear coefficient y > 3 W^km" 1 

20 > dispersion management done using segments of fiber with zero 

dispersion wavelength in the range of 1 300 < A* < 1 800nm, 
depending more precisely on the specifications. Given an operating 
band, certain fiber segments have X Q less than the operating band and 
other fiber segments have A. 0 greater than the operating band. The 

25 local dispersion can be kept high, while the path average dispersion 

can be close to zero in the signal band. 

> Loss over the operating wavelength of certainly < 2dB/km, with 
a preference for loss < ldB/km 

(C) Fibers as in (A) or (B) with cut-off wavelength shorter than any 
30 of the pump wavelengths. 

(D) A Raman amplifier as described in (A) that is pumped by LD's. 
For two or more LD's, the power can be combined by using 
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polarization and wavelength multiplexing using polarization beam 
combiners and wavelength-division-multiplexers. 

(E) A Raman amplifier as in (B) that is pumped by LD's. For two or 
more LD's, the power can be combined by using polarization and 

5 wavelength multiplexing using polarization beam combiners and 

wavelength-division-multiplexers. 

(F) At least a two-stage Raman amplifier that uses the improvements in 
(A),(B),(C),(D) or (E). 

(G) Other factors as above with different numerical ranges 

10 

One technology for U-DWDM systems can be the use of hybrid 
amplifiers, which comprise a discrete amplifier along with a DRA, to avoid 
nonlinear interactions between channels. The DRA can operate over 80 + nm of 
bandwidth in some embodiments, which can be achieved by pump pre-emphasis 
1 5 and spectral evolution along the fiber length in some embodiments. If channel 
spacing of 1 0GHz is used, for example, this can yield 1 000 + wavelengths: 

10 GHz channel spacing — ~0.08nm/channel 
overall bandwidth = ~80 + nm 

# channels = [ 80 + nm j / [0.08nm/ch3 = 1000* channels 
20 If the bit-rate per channel is 2.5Gb/s, then the capacity of the fiber can be 

bandwidth capacity = 1000 + channels x 2.5Gb/s-ch = 2.5 + Tb/s. 
For maximum reach, the 80 + nm system bandwidth can coincide with the 
minimum loss region in the fiber in some embodiments. For example, the C 
and L-bands can be used between ~1530-1610nm. The hybrid amplifier can use 
25 discrete EDFA's and DRA's in some embodiments. 

Another technology is an ultra-broadband source that can be carved with 
filters to yield a large number of channels. Embodiments of ultra-broadband 
sources include continuum generation in fibers, short-pulse modelocked lasers, 
ASE sources, and superluminescent diodes. Carving of the broadband source 
30 using filters can be easier since the periodicity of the passive filters can set the 
channel spacing. When the channel spacing is less than 25GHz, an embodiment 
includes complicated stabilization circuitry to set the wavelengths of individual 
LD's. 
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Another technology for 1 000 + wavelength systems is the periodic filter 
technology. Various embodiments include wavelength-grating routers or array 
waveguide (AWG) filters. An AWG comprises two star couplers and a Mach- 
Zehnder interferometer based grating in one embodiment. A large number of 
5 wavelength channels of uniform channel spacing can be multiplexed through a 
Mach-Zehnder interferometer. AWG's can have 50 and 25GHz spacing. Other 
embodiments can include high-contrast channel spacing approaching 10GHz. 

As Figure 28(b) shows, residual fiber nonlinearities can remain 
depending on the power level. Some embodiments have nonlinear control or 

1 0 compensation. Raman gain tilt can be compensated various gain equalization 
schemes. In various embodiments, these schemes equalize the tilt of the 
amplifier, and compensate for a combination of the amplifier tilt and the Raman 
gain tilt. With channel power pre-emphasis at the input in some embodiments, 
after propagation through the fiber system the channel energies equalize. To 

1 5 compensate for four-wave-mixing penalty, multiple embodiments can be used. 
Dispersion-managed fibers can be used, for example where the dispersion has a 
locally high value but a low path-averaged value. In other embodiments, every 
third channel can be skipped. When two adjacent channels beat through four- 
wave-mixing, they give rise to sidebands at the two surrounding channels. By 

20 skipping every third channel, the penalty from four-wave-mixing cross-talk can 
be reduced (see Figure 29). 

M 

The challenges of 1 000* wavelength systems can be met with a 
combination of one or more technologies (Figure 30). Hybrid amplifiers, using 
discrete amplifiers plus DRA's, can be used to lower the signal channel power 

25 in some embodiments. The discrete amplifiers can be spaced at 80- 100km, 

although some embodiments can have spacing of 30-50km. The DRA can use 
pump pre-emphasis to a desired bandwidth of 80 + nm in some embodiments. 
Various embodiments use discrete LD's, or can comprise one or more 
broadband light sources, which are then carved using passive periodic filters. A 

30 much tighter channel spacing, below 25GHz and preferably 1 0GHz, can be 

achieved in some embodiments. Some embodiments have dense channel filter 
technology such as AWG filters. Nonlinear control in some embodiments can 
compensate for fiber nonlinearity. To overcome the Raman gain tilt, gain tilt 
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adjustment or signal power pre-emphasis can be used in some embodiments. 

To control four-wave-mixing, dispersion management or skipping every third 

channel can be used in other embodiments. 

The wavelength range where hybrid amplifiers with DRA's are to be 
5 used, can be considered to facilitate future upgrades in bandwidth. DR/Vsused 

in the C-band (1530-1565nm) or L-band (1570-1610nm) can restrict opening up 

die S-band (1480-1530nm) or S + band (1430-1480nm). DRA's can use pump 

bands that are 13.2THz, or about lOOnm, shorter in wavelength than the signal 

band. For the C- or L-bands, DRA's can have pumps that lie in the wavelength 
10 range between 1430-1510nm. The pump bands can be at a shorter wavelength 

than any signal band. The pump might deplete energy from the signal channels 

through the Raman process. 

In embodiments where fiber bandwidth exceeds 1 OOnm, DRA can be 

inconsistent with further band expansion. For example, DRA's for C- and L- 
15 bands can prevent using the S- and S -bands in the fiber in some embodiments. 

The pumps for DRA can he at shorter wavelength than any signal band. To 

maximize the capacity of the fiber in some embodiments DRA's can be used at 

the shortest bands to be used in the fiber. 

DRA's can be useful when the fiber loss increases in some 
20 embodiments. For example, when the fiber loss increases >0.03dB/km from the 

minimum loss (i.e., for an 80km link that would mean an additional loss of 

* 1 i ■ 

M 

2.4dB), then the span design can be more difficult in some embodiments. The 
higher loss means that higher gain can be used for a fixed amplifier spacing, 
which can mean that more noise can be introduced. In turn, this can mean that 

25 the signal power can be increased or the bit-rate reduced to maintain the overall 
SNR. If hybrid amplifiers can be used in these higher loss windows, the 
improved NF can be used to offset the drawbacks from the higher loss^ 

Figure 3 1 shows the loss coefficient (in dB/km) for three generations of 
fibers. The loss above 1600 nm can be due to infrared absorption, while the 

30 gradual increase in loss below 1 550nm can be due to Rayleigh scattering. The 
peak near 13 90nm can result from water absorption of OH bonds. With some 
newer fibers, the fibers can be dried better, so the water peak can be reduced. 
Also represented in Figure 3 1 are different bands. The C- and L-bands can 
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stretch from approximately 1530-1610nm, the S-band from 1480-1530nm, and 
the S + band from 1430-148Onm. 

For some embodiments of fiber types, the loss in the S-band can be lower or 
equal to the loss in the C- and L-bands. Since these three bands can be the 
5 lowest loss bands, discrete amplifiers can be used in these bands in some 
embodiments. For example, the C- and L-bands can use. discrete EPFA's, 
while the S-band can use Raman amplifiers. 

In the S + band and shorter (Le., wavelengths shorter than 1480nm), the 
loss can rise above the loss in the C- and L-bands due to Rayleigh scattering and 
10 the water absorption. The S + band and shorter wavelengths can advantageously 
use DRA's in some embodiments. Since these bands can be on the shortest 
wavelength side, DRA's may not block further expansion of the bands in some 

> 

embodiments. The loss in the shorter wavelengths can be too high for these 
wavelengths to be used in long-haul communications in some embodiments. 
1 5 Also, for some embodiments with DRA's used in the wavelength range just 
beyond the water absorption peak (i.e., wavelengths between 1430-1480nm), 
the pumps can be at wavelengths approximately 1340-1380nm, just below the 
water peak. 

Figures 32(a), 32(b), 33(a) and 33(b) illustrate various embodiments 
20 with an amplifier module incorporated into a broadband transmission system 
that operates in multiple wavelength bands. Discrete amplifiers can be used in 
the C, L, S bands, and combinations thereof. A distributed Raman amplifier or 
hybrid amplifier can be used for the S+ band. 

In Figures 32(a) and 32(b) a pump is introduced in parallel with these 
25 discrete amplifiers to implement various embodiments of a distributed Raman 
amplifier in the S+ band. In Figure 32(a) a single WDM is used to split up the 
multiple bands while in Figure 32(b) a serial combination of WDM's is used to 
split and combine the bands. 

In Figures 33(a) and 33(b) a pump is introduced in parallel with these 
30 discrete amplifiers to implement embodiments of a hybrid Raman amplifier in 
the SH- band. In Figure 33(a) a single WDM is used to split up the multiple 
bands while in Figure 33(b) a serial combination of WDM's is used to split and 
combine the bands. 
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In another embodiment, a broadband fiber transmission system is 
provided with low noise hybrid optical amplifiers to compensate for loss at 
wavelength of 1480 nm or less or that have a fiber loss of 0.03 dB/km or more 
above the minimum loss of the fiber. One embodiment provides a broadband 
5 fiber transmission system with low noise distributed optical amplifiers to 

compensate for loss at wavelength of 1 480 nm or less or that have a fiber loss of 
0.03 dB/km or more above the minimum loss of the fiber. Additionally, another 
embodiment is a broadband fiber transmission system with low noise discrete 
optical amplifiers to compensate for loss at wavelength of 1480 nm or less or 

10 that have a fiber loss of 0.03 dB/km or more above the minimum loss of the 

• - .■ ■ «■ . ... 

fiber. A further embodiment is a broadband fiber transmission system with low 
. noise hybrid optical amplifiers to compensate for loss at wavelengths of 1400 to 
1480 nm. 

DRA's can improve the NF of an optical amplifier in some 
1 5 embodiments. For maximum fiber capacity, hybrid amplifiers can be used in 
the shortest wavelength hands in some embodiments, where the fiber loss is 
rising. For example, at wavelengths shorter than 1480nm where the loss is at 
least 0.03dB/km higher than at the loss minimum, hybrid amplifiers can be 
valuable. Discrete amplifiers in the C-, L- and S-bands and hybrid amplifiers in 
20 the S+ or shorter wavelength bands, can expand the fiber bandwidth beyond 
120nm. 

M 

Some embodiments include standard dispersion fiber, i.e., fibers with 
zero dispersion wavelength around 1310nm. The zero dispersion wavelength 
can fall in the S- or S + -bands in some embodiments. For example, this is true 

25 for so-called non-zero-dispersion-shifted fiber (NZ-DSF). In these fibers, it can 
be difficult to run multi-wavelength WDM channels due to cross-talk from four- 
wave mixing. Four-wave-mixing can require phase matching, and the phase 
matching can be easier to satisfy in the neighborhood of the zero dispersion 
wavelength. One embodiment is a broadband fiber transmission system with 

30 non-zero dispersion fiber that has zero dispersion wavelengths less than 1540 
nm or greater than 1 560 nm that uses optical amplifiers to compensate for loss. 

WDM can maximize capacity in any given band in some embodiments- 
Hybrid amplifiers can be useful in the vicinity of the zero dispersion wavelength 
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in some embodiments. NZ-DSF fibers can have a zero dispersion wavelength 
either 

< 1 540nm or >1 560nm in some embodiments. For operation near the zero 
dispersion wavelength, e.g., \X - < 25nm, the four-wave-mixing penalty can 
5 be avoided by using hybrid optical amplifiers in one embodiment Since the 
effective NF of hybrid amplifiers can be lower than for discrete amplifiers, the 
power levels for the signals can be reduced to the point that four-wave-mixing 
can no longer be a limitation, in another embodiment. 

DRA' s can address noise figure problems. For example, loss at input 

10 degrades the NF of amplifiers. Counter-propagating DRA in one embodiment 
has low gain at the input, as shown in Figure 34(a), a graph of gain versus 
length for an amplifier. NF can be improved by raising gain at beginning in 
some embodiments, as shown in Figure 34(b), another graph of gain versus 
length for an amplifier. A counter-propagating pump can isolate pump 

15 fluctuations from the signal in some embodiments. 

Figure 35 is a schematic diagram of an embodiment of an improved 
noise figure (NF) Raman amplifier. A WDM 3560 has a signal input port 3500 
and is coupled to a co-propagating pump 3540. Distributed or Raman gain fiber 
3510 couples the WDM 3560 and a WDM 3570. The WDM 3570 has a signal 

20 output port 3520 and is coupled to a counter-propagating pump 3550. The 

counter-propagating pump frequency can be 1 Raman order (-13.2 THz) higher 
than the signal frequency in some embodiments, which can maximize the 
counter-propagating pump to signal gain. The co-propagating pump frequency 
can be 2 Raman orders (-26.4 THz) higher than the signal frequency, which can 

25 maximize the co-propagating to counter-propagating pump gain in some 
embodiments, and minimizes co-propagating pump to signal gain. 

Figure 36 is a schematic diagram of an embodiment of a DRA, such as 
for verification. A WDM 3630 has a signal input port 3600 and is coupled to 
3640, an exemplary Yb fiber laser pumping a cascaded Raman wavelength 

30 shifter with output at 131 1 nm. A 72km Lucent true wave fiber 3610 couples 
the WDM 3630 and a WDM 3650. The WDM 3650 has a signal output port 
3620 and a polarization beam combiner 3660. The combiner 3660 is coupled 
by gratings 3675 and 3685 to 1395 nm laser diodes 3670 and 3680. In 
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experiment 1, both 1395 run laser diodes are on (290 mW launched), and the 
1311 run pump is off (differential gain = 10.5 dB @ 1490 nm). In experiment 
2, one 1395 nm laser diode is on (145 mW launched), and the 1311 nm pump 
power is set so that the differential gain is 10.5 dB. 
5 Figures 37 and 38 are graphs of optical noise figure, such as for the 

embodiment of Fig. 36. Fig. 37 shows the results £>f experiment 2 versus 
experiment 1, in terms of relative optical noise figure (dB) versus signal 
wavelength (nm). Fig. 38 shows optical noise figure (dB) versus signal 
wavelength (nm) for multiple cases: 3810 ONF (1311 nm and 1395 nm Pumps); 
10 3820 ONF (1395 nm Pumps Only); and 3830 Fiber + WDM Loss (for 
reference). 

Other experimental results were that the Electrical Noise Figure (ENF) 
matched the ONF for the 1395 nm counter-propagating pump case; when the 
co-propagating 1311 nm pump was added, the ENF was observed to be 1 0 dB 

15 above the ONF for 1490 nm signals (at measured noise frequencies >150 MHz). 
The 1311 nm pump noise was about 50 dB above shot noise when attenuated to 
0.6 mW. A direct transfer of this noise level to the signal would have resulted 
in an ENF of about 36 dB above the ONF - hence, about 26dB isolation by 
using a dual pumping scheme. Relatively weak co-propagating signal gain and 

20 pump-signal walk-off can greatly reduce the magnitude of pump-noise to 
signal-noise coupling in some embodiments. 

NF of DRA can be improved; an improved system noise figure of over 5 
dB ONF improvement can be demonstrated at the Raman gain peak of the 1395 
nm counter-propagating pumps (about 1486 nm) in some embodiments. 

25 Distributed or discrete Raman amplifiers can be enhanced. Co-propagating 
pump noise can be greatly suppressed. About 26dB isolation from co-prop 
pump can be demonstrated in one embodiment. Signal gain can come from the 
counter-propagating pump. A large co-propagating pump and signal 
wavelength separation (about 2 Raman orders) can lead to substantial pump- 

30 signal walk off in some embodiments. The noise figure improvement at C and 
L-Band wavelengths can be measured, and the performance of other distributed 
fiber types evaluated. 

» 
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Figure 39 is a schematic diagram of an embodiment of a tri-band DRA 
3900. A fiber span 3996 is coupled to a WDM 3980 and a WDM 3990. The 
WDM 3980 has C and L band input 3982 and S band output 3984. The WDM 
3990 has C and L band output 3992 and S band input 3994. The WDM 3980 is 
5 coupled to a WDM 3970. The WDM 3970 is coupled to a PBC 3960 and a 
PBC 3962. The WDM 3990 is coupled to a PBC 3964. The PBC 3960 is 
coupled to 1396nm laser diode 3902 via Bragg grating 3922 and isolator 3940, 
and to 1 396nm laser diode 3904 via Bragg grating 3924 and isolator 3942. The 
PBC 3962 is coupled to 1421nm laser diode 3906 via Bragg grating 3926 and 
1 0 isolator 3944, and to 1421nm laser diode 3908 via Bragg grating 3928 and 

isolator 3946. The PBC 3964 is coupled to 1480nm laser diode 3910 via Bragg 
grating 3930 and isolator 3948, and to 1480nm laser diode 3912 via Bragg 
grating 3932 and isolator 3950. 

One or more of the following can characterize some embodiments of tri- . 

--•>. 

15 band DRAs: over 100 nm of bandwidth covering the S,C, and L bands; using 

both fiber ends to reduces pump interaction for relative ease in maintaining gain 
flatness with varying signal power; improved optical noise figure of about 3 dB 
over single ended DRA designs, as Raman gain extends from both fiber ends 
instead of just one; 

20 signal gain provided by counter-propagating pumps for each band, reducing 

requirements on pump laser amplitude noise to achieve an electrical noise figure 
of about the optical noise figure; and a large walk-off of the C and L band co- 
propagating gain. 

One embodiment of a Raman amplifier assembly comprises a Raman 
25 amplifier, a pump source, and a second pump source. The Raman amplifier can 
be configured to receive a signal of at least one wavelength from a signal 
source. The signal can travel in an upstream direction in the Raman amplifier. 
The Raman amplifier can be a distributed Raman amplifier. The distributed 
Raman amplifier can include a signal transmission line. At least a portion of the 
30 signal transmission line can incorporate a distributed gain medium. The Raman 
amplifier can be a discrete Raman amplifier that includes a distributed gain 
medium. The distributed gain medium can be coupled to a signal transmission 
line. The first pump source can be coupled to the Raman amplifier. The first 
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pump source can be a laser diode source, or include a plurality of laser diodes. 
The first pump source can produce an output in the range of 1380 to 1530 nm, 
or in the range of 1450 to 1480 nm. The first pump source can produce a first 
pump beam. The first pump beam can travel in a downstream direction and can 
5 counter-propagate relative to the signal. The second pump source can be 

coupled to the Raman amplifier. The second pump source-can be a laser diode 
source, or include a plurality of laser diodes. The second pump source can 
produce an output in the range of 1300 to 1430 nm, or in the range of 1365 to 
1390 nm. The second pump source can produce a second pump beam. The 

1 0 second pump beam can pump the first pump beam. At least one wavelength of 
the second pump beam can be shorter than at least one wavelength of the first 
pump beam. The second pump beam can provide more gain to the first pump 
beam than to the signal. The second pump beam can travel in the upstream 
direction. The second pump source can have an average relative intensity noise 

15 of less than -80 dB/Hz. Exemplary ranges for average relative intensity noise of 
less than -80 dB/Hz can be 1-10 GHz. Other embodiments of the second pump 
source can have average relative intensity noise from 100 MHz to 1GHz less 
than -90 dB/Hz, or from 0-100 MHz less than -100 dB/Hz. Various 
embodiments can comprise a WDM coupled to the Raman amplifier. The 

20 WDM can be coupled to the first pump source and/or the second pump source. 

Various embodiments comprise a polarization beam combiner. The polarization 
beam combiner can be coupled to the plurality of laser diodes. 

One embodiment of a multi-stage Raman amplifier apparatus comprises 
a first Raman amplifier, a first pump source, a second pump source, a second 

25 Raman amplifier, and a third pump source. The first Raman amplifier can be a 
low-noise preamplifier. The first Raman amplifier can be configured to receive 
a signal of at least one wavelength from a signal source. The signal can-travel 
in an upstream direction in the first Raman amplifier. The second Raman 
amplifier can be a power amplifier. The first pump source can be coupled to the 

30 first Raman amplifier. The first pump source can produce a first pump beam. 
The first pump beam can travel in a downstream direction that is counter- 
propagating relative to the signal. The second pump source can be coupled to 
the first Raman amplifier. The second pump source can have an average 
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relative intensity noise of, for example, less than -80 dB/Hz, less than -90 
dB/Hz, or less than -100dB/Hz. Exemplary ranges for average relative intensity 
noise of less than -80 dB/Hz can be from 1-10 GHz. Exemplary ranges for 
average relative intensity noise of less than -90 dB/Hz can be from 1 00 MHz to 
5 1 GHz. Exemplary ranges for average relative intensity noise of less than - 1 00 
dB/Hz can be from 0-100 MHz. The second pump source san produce a second 
pump beam. The second pump beam can travel in the upstream direction. The 
second pump beam can pump the first pump beam. The third pump source can 
be coupled to the second Raman amplifier. The third pump source can produce 

10 a third pump beam. The third pump beam can travel in the downstream 

direction, various embodiments can comprise a fourth pump source. The fourth 
pump source can be coupled to the second Raman amplifier. The fourth pump 
source can produce a fourth pump beam that travels in the upstream direction. 
Various embodiments can comprise an isolator. The isolator can be coupled to 

15 the second Raman amplifier. The isolator can be positioned between the first 

and second Raman amplifiers. An embodiment may comprise a second isolator 
coupled to a pump shunt. Various embodiments can comprise a pump shunt 
coupled to the first and second Raman amplifiers. 

One embodiment of a Raman amplifier assembly comprises an optical 

20 transmission line, a first pump source, and a second pump source. The optical 
transmission line includes a first port and a second port. At least a portion of 
the optical transmission line can produce Raman gain. A length of the optical 
transmission line can be at least 40 kilometers, or at least 80 kilometers. The 
first pump source can be a laser diode source. The first pump source can 

25 produce a first pump beam. The first pump beam can be in the wavelength 

range of 1430 to 1530 nm, or in the range of 1450 to 1510 inn. The first pump 
beam can provide gain to at least a portion of the second signal of multiple 
wavelengths. The first pump beam can extract optical energy from the second 
pump beam. The first pump beam and a first signal of multiple wavelengths 

30 can enter the first port and can travel in a downstream direction from the first 
port to the second port. The first signal of multiple wavelengths can be in the 
range of 1430 to 1530 nm, or in the range of 1480 to 1530 nm. The second 
pump source can be a laser diode source. The second pump source can produce 
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a second pump beam. The second pump beam can be in the wavelength range 
of 1350 to 1480 nm, or in the range of 1380 to 1440 pm. The second pump 
beam and a second signal of multiple wavelengths can enter the second port and 
, can travel in an upstream direction from the second port to the first port. The 
5 second signal of multiple wavelengths can be in the range of 1 525 to 1 630 nm, 
or in the range of 1525 to 1610 nm. At least a portion of fee second pump beam 
can pump the first pump beam. At least a portion of the first signal of multiple 
wavelengths can have shorter wavelengths than the second signal of multiple 
wavelengths. Various embodiments can comprise a first WDM and a second 

1 0 WDM. The first WDM can be coupled to the first port The second WDM can 
be coupled to the second port. Various embodiments further comprise at least a 
first polarization beam combiner and a second polarization beam combiner. 
The first polarization beam combiner can be coupled to the first WDM. The 
second polarization beam combiner can be coupled to the second WDM. 

15 One embodiment of a Raman amplifier assembly can comprise a Raman 

amplifier, a first pump source, and a second pump source. The Raman amplifier 
can be configured to receive a signal of at least one wavelength from a signal 
source. The signal can travel in an upstream direction in the Raman amplifier. 
The Raman amplifier can be a distributed Raman amplifier. The distributed 

20 Raman amplifier can include a signal transmission line. At least a portion of the 
signal transmission line can incorporate a distributed gain medium. The Raman 

»* 

amplifier can be a discrete Raman amplifier. The discrete Raman amplifier can 

include a distributed gain medium. The distributed gain medium can be 

* 

coupled to a signal transmission line. The first pump source can be a laser 
25 diode source. The first pump source can be coupled to the Raman amplifier. 

The first pump source can produce a first pump beam. The first pump beam can 
travel in a downstream direction and can counter-propagate relative to the 
signal. The second pump source can be a laser diode source. The second pump 
source can be coupled to the Raman amplifier. The second pump source can 
30 produce a second pump beam. The second pump beam can pump the first pump 
beam. The second pump beam can provide more gain to the first pump beam 
than to the signal. The second pump beam can travel in the upstream direction. 
The wavelengths of the second pump beam can have one or more relationships 
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with the wavelengths of the first pump beam, such as being at least 20 nm 
shorter, at least 40 nm shorter, no more than 120 nm shorter, and/or no more 
than 100 nm shorter. The second pump source can have an average relative 
intensity noise of, for example, less than -80 dB/Hz, less than -90 dB/Hz, or less 
5 than - 1 00 dB/Hz. The average relative intensity noise from 1-10 GHz can be 
less than -80 dB/Hz. The average relative intensity noise from 1 00 MHz to 
1 GHz can be less than -90 dB/Hz. The average relative intensity noise from 0- 
1 00 MHz can be less than -1 00 dB/Hz. The second pump beam can have at 
least one wavelength that is shorter than at least one wavelength of the first 

10 pump beam. 

One embodiment of a method of broadband amplification comprises 
providing a Raman amplifier assembly including an optical transmission line 
with a first port and a second port, at least a portion of the optical transmission 
line producing Raman gain; pumping the Raman amplifier assembly with at 

15 least a first pump beam and a second pump beam, at least a portion of the 

second pump beam pumping the first pump beam; introducing a first signal of 
multiple wavelengths into the first port and a second signal of multiple 
wavelengths into the second port; and amplifying the first and second signals of 
multiple wavelengths. At least a portion of the first signal of multiple 

20 wavelengths can have shorter wavelengths than the second signal of multiple 
wavelengths. The first pump beam and the first signal of multiple wavelengths 
can enter the first port and can travel in a downstream direction from the first 
port to the second port. The second pump beam and the second signal of 
multiple wavelengths can enter the second port and can travel in an upstream 

25 direction from the second port to the first port. The first pump beam can be in 
the wavelength range of 1430 to 1530 nm, or 1450 to 1510 nm,'and the second 
pump beam can be in the wavelength range of 1350 to 1480 nm, or 138(Tto 
1440 nm. The first signal of multiple wavelengths can be in the range of 1430 
to 1530 nm, or 1480 to 1530 nm, and the second signal of multiple wavelengths 

30 can be in the range of 1525 to 1630 nm, or 1525 to 1610 nm. 

One embodiment of a method of broadband amplification comprises 
providing a first pump source, a second pump source with an average relative 
intensity noise of less than -80 dB/Hz and a Raman amplifier assembly 
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including an optical transmission line with a first port and a second port, at least 
a portion of the optical transmission line producing Raman gain; pumping the 
Raman amplifier assembly at the first port with at least a first pump beam and at 
the second port with a second pump beam, the second pump beam having at 
5 least one wavelength that is shorter than at least one wavelength of the first 
. pump beam; introducing a signal of one or more wavelengths into the second 
port; and amplifying the signal. At least a portion of the second pump beam can 
pump the first pump beam. The first pump beam can be in the wavelength 
range of 1430 to 1530 nm, or 1450 to 1510 nm, and the second pump beam can 

10 be in the wavelength range of 1350 to 1480 nm, or 1380 to 1440 nm. 

One embodiment of a Raman amplifier assembly can comprise a Raman 
amplifier, a first pump source, and a second pump source. The Raman amplifier 
can be configured to receive a signal of at least one wavelength from a signal 
source. The signal can travel in an upstream direction in the Raman amplifier. 

1 5 Polarization dependence of a signal gain of the signal can be less than 2 dB. 

The first pump source can be depolarized by polarization scrambling. The first 
pump source can be depolarized by polarization multiplexing of at least two 
pump sources. The first pump source can be coupled to the Raman amplifier. 
The first pump source can produce a first pump beam that can travel in a 

20 downstream direction and can counter-propagate relative to the signal. The first 
pump source can be substantially depolarized. The second pump source can be 
coupled to the Raman amplifier. The second pump source can be substantially 
depolarized. The second pump source can produce a second pump beam that 
travels in the upstream direction and can pump the first pump beam. The 

25 second pump beam can provide at least 5% of the gain to at least a portion of 
the signal, at least 5% of the gain to a majority of wavelengths of the signal, at 
least 10% of the gain to a majority of wavelengths of the signal, and/orat least 
50% of the gain to at least a portion of the signal. 

While embodiments of the invention have been illustrated and described, 

30 it is not intended that these embodiments illustrate and describe all possible 
forms of the invention. A signal may comprise one or more signals. In one 
embodiment, each of the one or more signals may be characterized by a 
wavelength or wavelength range distinct from other signal wavelengths or other 
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signal wavelength ranges, such as in wavelength division multiplexing. A 
signal traveling in a direction, such as downstream or upstream, includes a 
signal traveling substantially in the direction^ and/or where a majority of the 
power of the signal is initially traveling in the direction and/or traveling in the 
5 direction. A signal traveling in a direction, such as upstream or downstream, 

may be accompanied by a scattered beam traveling in another direction, such as 
the opposite direction, due to linear and/or nonlinear mechanisms such as 
Rayleigh scattering and/or Brillouin scattering. Rather, the words used in the 
specification are words of description rather than limitation, and it is understood 
10 that various changes may be made without departing from the spirit and scope 
of the invention. 
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CLAIMS 

1 . A Raman amplifier assembly, comprising: 
a Raman amplifier configured to receive a signal of at least one 
wavelength from a signal source with the signal traveling in an upstream 
5 direction in the Raman amplifier; 

a first pump source coupled to the Raman amplifier-producing a first 
pump beam that travels in a downstream direction and is counter-propagating 
relative to the signal; and 

a second pump source coupled to the Raman amplifier producing a 
1 0 second pump beam that travels in the upstream direction, the second pump 
source having an average relative intensity noise of le$s than -80 dB/Hz. 

2. The assembly of claim 1, wherein the second pump beam pumps 
the first pump beam. 

3. The assembly of claim 1, wherein the average relative intensity 
15 noise from 1-10 GHz is less than —80 dB/Hz. 

4. The assembly of claim 1 , wherein the average relative intensity 
noise from 100 MHz to 1GHz is less than -90 dB/Hz. 

5. The assembly of claim 1, wherein the average relative intensity 
noise from 0-1 00 MHz is less than -100 dB/Hz. 

20 6. The assembly of claim 1 , wherein the second pump beam 

provides more gain to the first pump beam than to the signal. 

7. The assembly of claim 1 , wherein at least one wavelength of the 
second pump beam is shorter than at least one wavelength of the first pump 
beam. 

25 8. The assembly of claim 1 , wherein the first and second pump 

sources are laser diode sources. 

9. The assembly of claim 1 , wherein the Raman amplifier is a 
distributed Raman amplifier that includes a signal transmission line, wherein at 
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least a portion of the signal transmission line incorporates therein a distributed 
gain medium. 

1 0. The assembly of claim 1 , wherein the Raman amplifier is a 
discrete Raman amplifier that includes a distributed gain medium that is 

5 coupled to a signal transmission line. 

11. The assembly of claim 1, further comprising: 

a WDM coupled to the Raman amplifier and the first pump source, the 
first pump source including a plurality of laser diodes. 

, . .. 

12. The assembly of claim 1, further comprising: 

10 a WDM coupled to the Raman amplifier and the second pump source, 

the second pump source ihcluding a plurality of laser diodes. 

1 3. The assembly of claim 1 1 , further comprising a polarization 
beam combiner coupled to the plurality of laser diodes. 

1 4. The assembly of claim 12, further comprising a polarization 
15 beam combiner coupled to the plurality of laser diodes. 

1 5. The assembly of claim 1, wherein the second pump source 
produces an output in the range of 1300 to 1430 nm. 

1 6. The assembly of claim 1 , wherein the second pump source 
produces an output in the range of 1365 to 1390 nm: 

20 1 7. The assembly of claim 1 , wherein the first pump source produces 

an output in the range of 1380 to 1530 nm. 

1 8. The assembly of claim 1 , wherein the first pump source produces 
an output in the range of 1450 to 1480 nm. 

19. A multi-stage Raman amplifier apparatus, comprising: 

25 a first Raman amplifier configured to receive a signal of at least one 

wavelength from a signal source with the signal traveling in an upstream 
direction in the first Raman amplifier; 
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a first pump source coupled to the first Raman amplifier producing a 
first pump beam in a downstream direction that is counter-propagating relative 
to the signal; 

a second pump source coupled to the first Raman amplifier producing a 
5 second pump beam that travels in the upstream direction; 

a second Raman amplifier; and _ . ±j 

a third pump source coupled to the second Raman amplifier producing a 
third pump beam traveling in the downstream direction. 

20. The assembly of claim 1 9, wherein the second pump beam 
10 pumps the first pump beam. 

21. The assembly of claim 19, wherein the second pump source has 
an average relative intensity noise of less than -80 dB/Hz. 

15 22. The assembly of claim 2 1 , wherein the average relative intensity 

noise from 1-10 GHz is less than -80 dB/Hz. 

23. The assembly of claim 21, wherein the average relative intensity 
noise from 1 00 MHz to 1 GHz is less than -90 dB/Hz. 

24 The assembly of claim 21, wherein the average relative intensity 
20 noise from 0-1 00 MHz is less than -100 dB/Hz. 

25. The apparatus of claim 19, further comprising: 

a fourth pump source coupled to the second Raman amplifier producing 
a fourth pump beam that travels in the upstream direction. 

26. The apparatus of claim 19, further comprising: 
25 an isolator coupled to the second Raman amplifier. 

27. The apparatus of claim 19, wherein the first Raman amplifier is a 
low-noise preamplifier and the second Raman amplifier is a power amplifier. 

28. The apparatus of claim 1 9, further comprising: 

a pump shunt coupled to the first and second Raman amplifiers. 
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29. The apparatus of claim 19, further comprising: 

a first isolator positioned between the first and second Raman 
amplifiers. 

30. The apparatus of claim 29, further comprising: 
a second isolator coupled to the pump shunt. 

31. A Raman amplifier assembly, comprising: 

an optical transmission line including a first port and a second port, at 
least a portion of the optical transmission line producing Raman gain; 

a first pump source producing a first pump beam, the first pump beam 
and a first signal of multiple wavelengths entering the first port and traveling in 
a downstream direction from the first port to the second port; and 

a second pump source producing a second pump beam, the second pump 
beam and a second signal of multiple wavelengths entering the second port and 
traveling in an upstream direction from the second port to the first port, wherein 
at least a portion of the second pump beam pumps the first pump beam, and at 
least a portion of the first signal of multiple wavelengths has shorter 
wavelengths than the second signal of multiple wavelengths. 

32. The assembly of claim 31, further comprising; 
a first WDM coupled to the first port; and 

ml 

a second WDM coupled to the second port. 

33. The assembly of claim 31, wherein the first pump beam is in the 
wavelength range of 1430 to 1530 nm and the second pump beam is in the 
wavelength range of 1 3 50 to 1 480 nm. 

34. The assembly of claim 3 1 , wherein the first pump beam is in the 
wavelength range of 1450 to 15 10 nm and the second pump beam is in the 
wavelength range of 1 3 80 to 1 440 nm. 

3 5 . The assembly of claim 3 1 , wherein the first signal of multiple 
wavelengths is in the range of 1 430 to 1 530 nm and the second signal of 
multiple wavelengths is in the range of 1525 to 1630 nm. 

47 



WO 01/52372 PCT/US01/00943 

36. The assembly of claim 3 1 , wherein the first signal of multiple 
wavelengths is in the range of 1480 to 1530 nm and the second signal of 
multiple wavelengths is in the range of 1525 to 1610 run. 

37. The apparatus of claim 31, wherein the first pump beam provides 
5 gain to at least a portion of the second signal of multiple wavelengths and 

extracts optical energy from the second pump beam. 

38. The apparatus of claim 31, wherein a length of the optical 
transmission line is at least 40 kilometers. 

39. The apparatus of claim 31, wherein a length of the optical 
1 0 transmission line is at least 80 kilometers. 

40. The apparatus of claim 32, further comprising: 

at least a first polarization beam combiner coupled to the first WDM and 
a second polarization beam combiner coupled to the second WDM. 

15 41. The apparatus of claim 3 1 , wherein the first and second pump 

sources are laser diode sources. 

42. A Raman amplifier assembly, comprising: 

a Raman amplifier configured to receive a signal of at least one 

■i 

wavelength from a signal source with the signal traveling in an upstream 
20 . direction in the Raman amplifier; 

a first pump source coupled to the Raman amplifier producing a first 

pump beam that travels in a downstream direction and is counter-propagating 

relative to the signal; and 

a second pump source coupled to the Raman amplifier producing a 
25 second pump beam that travels in the upstream direction, .the second pump 

source having an average relative intensity noise of less than —80 dB/Hz., 

wherein the second pump beam has at least one wavelength that is shorter than 

at least one wavelength of the first pump beam. 
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43. The assembly of claim 42, wherein the second pump beam 
pumps the first pump beam. 

44. The assembly of claim 42, wherein the average relative intensity 
noise from 1-10 GHz is less than -80 dB/Hz.. 

5 45. The assembly of claim 42, wherein the average relative intensity 

noise from 100 MHz to 1GHz is less than -90 dB/Hz. 

46. The assembly of claim 42, wherein the average relative intensity 
noise from 0-100 MHz is less than -100 dB/Hz. 

47. The assembly of claim 42, wherein the wavelengths of the 

1 0 second pump beam are at least 20 nm shorter than the wavelengths of the first 
pump beam. 

48. The assembly of claim 42, wherein the wavelengths of the 
second pump beam are at least 40 nm shorter than the wavelengths of the first 
pump beam. 

1 5 ,49. The assembly of claim 42, wherein the wavelengths of the 

second pump beam are no more than 120 nm shorter than the wavelengths of 
the first pump beam. 

50. The assembly of claim 42, wherein the wavelengths of the 
second pump beam are no more than 100 nm shorter than the wavelengths of 

20 the first pump beam. 

5 1 . The assembly of claim 42, wherein the second pump beam 
provides more gain to the first pump beam than to the signal. 

52. The assembly of claim 42, wherein the first and second pump 
sources are laser diode sources. 

25 53. The assembly of claim 42, wherein the Raman amplifier is a 

distributed Raman amplifier that includes a signal transmission line, wherein at 
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least a portion of the signal transmission line incorporates therein a distributed 
gain medium. 

54. The assembly of claim 42, wherein the Raman amplifier is a 
discrete Raman amplifier that includes a distributed gain medium that is 

5 coupled to a signal transmission line. ■ 

55. A method of broadband amplification, comprising: 

providing a Raman amplifier assembly including an optical transmission 
line with a first port and a second port, at least a portion of the optical 
transmission line producing Raman gain; 
1 0 pumping the Raman amplifier assembly with at least a first pump beam 

and a second pump beam, at least a portion of the second pump beam pumping 
the first pump beam; 

introducing a first signal of multiple wavelengths into the first port and a 
second signal of multiple wavelengths into the second port; and 
15 amplifying the first and second signals of multiple wavelengths. 

56. The method of claim 55, wherein at least a portion of the first 
signal of multiple wavelengths has shorter wavelengths than the second signal 
of multiple wavelengths. 

57. The method of claim 55, wherein the first pump beam and the 
20 first signal of multiple wavelengths enter the first port and travel in a 

downstream direction from the first port to the second port. 

58. The method of claim 55, wherein the second pump beam and the 
second signal of multiple wavelengths enter the second port and travel in an 
upstream direction from the second port to the first port. 

25 59. The method of claim 55, wherein the first pump beam is in the 

wavelength range of 1430 to 1530 nm and the second pump beam is in the 
wavelength range of 1350 to 1480 nm. 
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60. The method of claim 55, wherein the first pump beam is in the 
wavelength range of 1450 to 1510 nm and the second pump beam is in the 
wavelength range of 1380 to 1440 nm. 

61. The method of claim 55, wherein the first signal of multiple 
5 wavelengths is in the range of 1430 to 1 530 nm and the second signal of 

multiple wavelengths is in the range of 1 525 to 1 630 nm. 

62. The method of claim 55, wherein the first signal of multiple 
wavelengths is in the range of 1480 to 1 530 nm and the second signal of 
multiple wavelengths is in the range of 1 525 to 16 10 nm. 

10 63 . A method of broadband amplification, comprising: 

providing a first pump source, a second pump source with an average 
relative intensity noise of less than— 80 dB/Hz and a Raman amplifier assembly 
including an optical transmission line with a first port and a second port, at least 
a portion of the optical transmission line producing Raman gain; 

1 5 pumping the Raman amplifier assembly at the first port with at least a 

first pump beam and at the second port with a second pump beam, the second 
pump beam having at least one wavelength that is shorter than at least one 
wavelength of the first pump beam; 

introducing a signal of at least one wavelength into the second port; and 

20 amplifying the signal. 

64. The method of claim 63 , wherein at least a portion of the second 
pump beam pumps the first pump beam. 

65. The method of claim 63, wherein the first pump beam is in the 
wavelength range of 1430 to 1530 nm and the second pump beam is in ffie 

25 wavelength range of 1350 to 1480 nm. 

66. The method of claim 63, wherein the first pump beam is in the 
wavelength range of 1450 to 1 510 nm and the second pump beam is in the 
wavelength range of 1380 to 1440 nm. 

67. A Raman amplifier assembly, comprising: 
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a Raman amplifier configured to receive a signal of at least one 
wavelength from a signal source with the signal traveling in an upstream 
direction in the Raman amplifier; 

a first pump source coupled to the Raman amplifier producing a first 
5 pump beam that travels in a downstream direction and is counter-propagating 
relative to the signal; and * ■■ - =~ 

a second pump source coupled to the Raman amplifier producing a 
second pump beam that travels in the upstream direction and pumps the first 
pump beam, wherein the second pump beam provides at least 5% of the gain to 
1 0 at least a portion of the signal. 

68. The assembly of claim 67, wherein the first pump source is 
substantially depolarized. 

69. The assembly of claim 68, wherein polarization dependence of a 
signal gain of the signal is less than 2 dB. 

1 5 70. The assembly of claim 68, wherein the first pump source is 

depolarized by polarization scrambling. 

7 1 . The assembly of claim 68, wherein the first pump source is 
depolarized by polarization multiplexing of at least two pump sources. 

72. The assembly of claim 68, wherein the second pump source is 
20 substantially depolarized. 

73. The assembly of claim 67, wherein the second pump beam 
provides at least 5% of the gain to a majority of wavelengths of the signal. 

74. The assembly of claim 67, wherein the second pump beam 
provides at least 10% of the gain to a majority of wavelengths of the signal. 

25 75 . The assembly of claim 67, wherein the second pump beam 

provides at least 50% of the gain to at least a portion of the signal. 



52 



WO 01/52372 



1/52 



PCT/US01/00943 




FREQUENCY SHIFT CTHz) 



WO 01/52372 PCT/US01/00943 

2/52 



Raman Cascade Frequencies for Various Pump Wavelengths 



Peak Raman Gain: 1 .32E+13 THz 

Speed of light: 3.QQE+1 7 nm/s 
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Optical Noise Figure vs. Fiber Length 
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Field of the Invention: 



This invention relates to low noise optical amplifiers for fiber optic 
transmission systems, and more particularly to low noise discrete, distributed 



and hybrid Raman amplifiers for broadband communication systems. 

10 \ Description of Related Art : 

• Stimulated Raman scattering is an important nonlinear process that turns 
optical fibers into amplifiers and tunable lasers. Raman gain results from the 
interaction of intense light with optical phonons in silica fibers, and Raman 
effect leads to a transfer of energy from one optical beam (the pump) to another 

15 optical beam (the signal). The signal is downshifted in frequency (or upshifted 
in wavelength) by an amount determined by vibrational modes of silica fibers. 
The Raman gain coefficient g r for the silica fibers is shown in Figure 1 . 
Notably, the Raman gain g r extends over a large frequency range (up to 40 THz) 
with a broad peak centered at 13.2 THz (corresponding to a wavelength of 

20 440 cm" 1 ). This behavior over the large frequency range is due to the 

amorphous nature of the silica glass and enables the Raman effect to be used in 
broadband amplifiers. The Raman gain also depends on the composition of the 
fiber core and can vary with different dopant concentrations. 
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Raman amplification has some attractive features. First, Raman gain is 
a good candidate for upgrading existing fiber optic links because it is based on 
the interaction of pump light with optical phonons in the existing fibers. 
Second, there is no excessive loss in the absence of pump power, other than the 
loss of the fiber inserted - an important consideration for system reliability. 
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Cascading is the mechanism by which optical energy at the pump 
wavelength is transferred, through a series of nonlinear polarizations, to an 
optical signal at a longer wavelength. Each nonlinear polarization of the 
dielectric produces a molecular vibrational state corresponding to a wavelength 
that is offset from the wavelength of the light that produced the stimulation. 



wa.qnnr:ir>: <wo 0152372A1 ia> 



WO 01/052372 



PCT/US01/00943 



The nonlinear polarization effect is distributed throughout the dielectric, 
resulting in a cascading series of wavelength shifts as energy at one wavelength 
excites a vibrational mode that produces light at a longer wavelength. This 
process can cascade through numerous orders. As an example, cascade Raman 
5 orders for different pump wavelengths are illustrated in Figure 2. Because the 
Raman gain profile has a peak centered at 1 3.21Hz in silica fibers, one Raman 
order can be arranged to be separated from the previous order by 13.2THz. 

Cascading makes stimulated Raman scattering amplifiers very desirable. 
Raman amplification itself can be used to amplify multiple wavelengths (as in 

1 0 wavelength division multiplexing) or short optical pulses because the gain 

spectrum is very broad (a bandwidth of greater than 5THz around the peak at 
13.2THz). Moreover, cascading enables Raman amplification over a wide 
range of different wavelengths. By varying the pump wavelength or by using 
cascaded orders of Raman gain, the gain can be provided over the entire 

15 telecommunications window between 1300nm and 1600nm. 

Raman gain can be used in both discrete and distributed amplifiers. The 
main advantages of distributed Raman amplification are that the effective noise 
figure (NF) is improved and existing systems can be upgraded. Intuitively, the 
NF improves because the signal is continuously amplified and never gets too 

20 weak. The additional system margin allowed by distributed amplification can 
be used to upgrade the system speeds, increase the spacing between amplifiers 
or repeaters, or to handle the variability in fibers for installed systems. When 
using distributed amplification, the pump light can be counter-propagating to 
the signal direction. Simulations and experiments have shown the improvement 

25 in noise figure achieved using distributed amplification. For example, a 
calculation from first principles for a chain of optical amplifiers shows the 
improvement in signal-to-noise ratio (SNR) for more closely spaced amplifiers. 
The case of purely uniform amplification gives an improvement of about NF = 
2dB compared with amplifiers spaced evenly every 21.7km and an 

30 improvement of about NF = 4dB compared with amplifiers spaced evenly every 
43.4km (where NF (dB) = SNR 1N (dB) - SNRout (dB)). 

Experiments have also verified the improvement in NF performance for 
distributed amplification. For instance, experiments in a 5 14km Raman 
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amplifier chain have shown an improvement in noise performance of 2dB 
compared with a similar amplifier chain using lumped EDFA's spaced roughly 
every 45km. This is less than the ideal case because the pump light attenuates 
along the length of the fiber, leading to periodic but non-uniform amplification. 
5 In addition, a combination of distributed Raman amplification and EDFA's has 
been used to extend the repeater spacing to 240km for a 52§0km WDM 8- 
channel system. The performance demonstrated in this experiment was 
comparable to that of a system of similar length and capacity using conventional 
EDFA's spaced by 80km. Therefore, the additional NF margin from distributed 

1 0 amplification can be used to significantly increase the repeater spacing of long- 
haul transmission systems. Furthermore, a distributed Raman amplifier is tested 
in a 45km length of transmission fiber that is pumped by two pumps at 1453nm 
and 1495nm. The resulting transparency gain bandwidth is 92nm, and the 
Raman amplifier is shown to perform better than a lumped EDFA with a NF 

15 equal or higher than 5 dB. 

Another use of hybrid or distributed amplifiers is to reduce nonlinearity 
impairments from four-wave mixing (4WM) and Raman gain tilt that become 
increasingly important as new bands are added and the channel count increases. 
One way of minimizing these nonlinearity impairments is to reduce the power 

20 per wavelength channel. This can be achieved without degradation of the 
signal-to-noise ratio at the receiver by using hybrid or distributed Raman 
amplification. In particular, distributed Raman amplification can be achieved 
by pumping the fiber composing the transmission line with a Raman oscillator 
or laser diodes directly. The pump light produces Raman gain for the signal 

25 using the inherent Raman gain in the transmission fiber. Since the gain is 

inherent to the transmission line, this provides a graceful means of upgrading 
even existing fiber-optic systems. - 
The power per channel can be reduced because distributed Raman 
amplification cancels or compensates for the loss in the fiber. Said another 

30 way, the distributed Raman gain has an effectively better noise figure than its 
discrete amplifier counterparts. The channel power can be lowered to the point 
that nonlinearities become insignificant. For example, in a typical transmission 
system at power of OdBm (lmW) is used at OC-48 or 2.5Gb/s and 6dBm 
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(4m W) at OC-192 or lOGb/s per channel. With the addition of distributed 
amplification, OC-192 systems have been demonstrated in the laboratory with 
power per channel as low as -13dBm (O.OSmW). 

Distributed Raman amplification can also help in gain control or gain 
5 clamping, i.e., It is undesirable to have the gain level change when channels are 
added or dropped, such as when optical add/drop multiplexers are used. This 
gain clamping problem can be solved to a large extent by using distributed 
Raman amplification because the power per channel is significantly reduced. 
The lower power insures that there will be negligible gain or pump depletion. 

10 Therefore j the combination of lower power per channel and negligible gain 
depletion provides an effective gain clamping. 

That nonlinear effects in fiber transmission systems can be avoided by 
use of distributed or hybrid Raman amplification has been illustrated in a 
number of recent experiments. Transmission in DSF around the zero-dispersion 

1 5 region in a single wavelength band has been demonstrated. Dense- WDM 
(DWDM) transmission of 32 channels with 50GHz spacing and bit-rate of 
lOGb/s over 8 x 80km has been demonstrated. Normally, DWDM systems in 
the neighborhood of the zero dispersion wavelength suffer from 4 WM penalties. 
However, by lowering the channel power down to -13dBm with the use of 

20 distributed Raman amplification, 4WM can be avoided and the results verify 
feasibility of DWDM transmission in DSF. 

DWDM transmission near the zero dispersion wavelength without 4 WM 
or other nonlinearity penalties in a single wavelength band has been 
demonstrated in multiple experiments: (a) 25-channel, 100GHz spacing of 

25 lOGb/s channels, transmission over 8 x 83km; (b) 49-channel, 50GHz spacing 
of 1 OGb/s channels, transmission over 4 x 83km. Significant improvements can 
be obtained at a pump power of only 440m W in DSF by using hybrid 
Raman/erbium-doped fiber amplifiers. 

Distributed Raman amplification can minimize nonlinear effects 

30 between WDM channels effectively in single band experiments (i.e., in the so- 
called "C-band" or conventional band between 1535 and 1565nm). 

One benefit of DRA's, such as reduction of the nonlinear effects among 
WDM signal channels, can increase the bandwidth utilization efficiency in 
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WDM systems of some embodiments. Since 1 996, when WDM systems were 
first commercially introduced, the number of wavelength channels has increased 
dramatically (Figure 27). For example, state-of-the-art systems in 1999 have 
more than 1 00 wavelength channels. Given this rapid increase in channel count, 
5 the question is how to achieve the next decade increase in number of channels— 
or, ultra-dense- WDM (U-D WDM) systems. What are the key enabling 
technologies for systems of 1000 or more wavelength channels? 

There are fundamental limitations to achieving 1000 + wavelength 
systems. First, as the density of channels increases, nonlinear interactions 

1 0 between channels — such as four-wave-mixing and Raman gain tilt - can limit 
the system performance. The second problem of U^DWDM systems is the 
transmitter complexity. For example, if temperature and frequency stabilized 
LD's are used as the light source, then as the density of channels increases, it 
can become increasingly more difficult to reduce the channel spacing. 

1 5 Moreover, as the number of channels increases, the footprint or physical size of 
the transmitter becomes increasingly large. A third challenge of U-D WDM 
systems is the filtering technology. Filters with high-contrast and narrow 
channel spacing are required to place many channels in close proximity to one- 
another. 

20 One illustration of the fundamental fiber nonlinearity limits can be taken 

from a systems viewpoint. The parameters used in one study are: fiber link of 
30km, 1550nm wavelength, loss of 0.2dB/km, Acfr= 50 jam , channel spacing 
of 10GHz, for standard fiber chromatic dispersion of 16 ps/nm-km or for DS 
fiber a chromatic dispersion of 1 ps/nm-km. Figure 28a shows the four-wave- 

25 mixing efficiency as a function of channel spacing at 1550nm. The solid curve 
represents standard fiber, while the dashed curve represents DS fiber. The four- 
wave-mixing efficiency can be much higher in DS fiber because the phase- 
matching can be more readily achieved in low dispersion fiber. Figure 28(b) 
shows the maximum power per channel versus the number of channels that 

30 ensures stimulated Raman scattering (SRS), carrier-induced phase modulation 
(CIP), stimulate Brillouin scattering (SBS), and four-phbton mixing (FPM) 
degradations are below IdB for all channels. For standard or DS fiber, channel 
spacing on the order of 10GHz can be problematic. For a number of channels 

5 
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approaching 1000, Raman gain tilt can be the first nonlinearity to affect the 
system, and the power per channel can approach -0.01 mW/channel (~20dBm) 
to avoid nonlinearities. 

Hybrid amplifiers using DRA's can serve as an enabler for 1000 + 
5 wavelength systems. One benefit of DRA's can be better NF V which can be 
used to lower the signal amplitudes so that nonlinear interaction between 
channels can be reduced. Nonlinear effects can be avoided using DRA's. 
Despite operation near the zero dispersion wavelength, four-wave-mixing 
penalties can be avoided in 25,-50 channel systems. The optical SNR 

10 improvement using DRA's can be 6.6dB in DS fiber and 7dB in standard fiber. 
The input channel power can be reduced by this many decibels and still 
maintain the system SNR. 

Hybrid amplifiers can improve system with improved NF. This NF 
improvement can be used as additional system margin to extend the spacing 

15 between amplifiers, lower signal powers to avoid fiber nonlinearity or increase 
the system bit-rate. However, these experiments focus on using DRA's only in 
the so-called C-band (between 1530-1565nm), where the discrete amplifier is an 
EDFA. Also, the experiments are made in DS fiber, where the zero dispersion 
wavelength coincides with about 1550nm. One problem with implementing 

20 DRA's in this wavelength range is that it will prevent further expansion of new 
low-loss windows later on. 

There is a need for low noise Raman amplifiers and broadband 
transmission systems. There is a further need for distributed, discrete and 
hybrid amplifiers with improved noise figures. Another need exists for optical 

25 amplifiers suitable for wavelengths of 1480 nm or less where the loss of the 
fiber increases. 
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SUMMARY OF THE INVENTION 
An object of the present invention is to provide a Raman amplifier with 
30 an improved noise figure. 

Another object of the present invention is to provide a Raman amplifier 
with bi-directional pumping and an improved noise figure. 
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Yet another object of the present invention is to provide a Raman 
amplifier with bi-directional pumping and an improved noise figure, where the 
bi-directional pumping is achieved by using a pump to amplify the signal in a 
counter-propagating manner. 
5 A further object of the present invention is to provide a Raman amplifier 

that is bi-directionally pumped and includes at least a. first and a second pump as 
well as at least one additional pump that co-propagates with the signal to 
amplify the first pump. 

Yet a further object of the present invention is to provide a Raman 
10 amplifier with multiple orders of Raman pumps that are bi-directional, includes' 
at least a first and a second pump and at least one additional pump that co- 
propagates with the signal to amplify the first pump. 

Another object of the present invention is to provide a bi-directionally 
pumped Raman amplifier with pump modules that can be multi-wavelength 
1 5 Raman oscillators, single wavelength Raman oscillators, laser diode pumps and 
combinations thereof. 

Still another object of the present invention is to provide a low noise 
distributed Raman amplifier with bi-directional pumping. 

Yet another object of the present invention is to provide a low noise 
20 discrete Raman amplifier with bi-directional pumping. 

Another object of the present invention is to provide a low noise hybrid 
Raman amplifier with bi-directional pumping. 

These and other objects of the present invention are achieved in a 
Raman amplifier assembly. A Raman amplifier is configured to receive a signal 
25 from a signal source. The signal travels in an upstream direction in the Raman 
amplifier. A first pump source is coupled to the Raman amplifier. The first 
pump source produces a first pump beam that travels in a downstream direction 
and is counter-propagating relative to the signal. A second pump source is 
coupled to the Raman amplifier and produces a second pump beam that travels 
30 in the upstream direction. The second pump source has an average relative 
intensity noise of less than -80 dB/Hz. 
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In another embodiment of the present invention, a multi-stage Raman 
amplifier apparatus includes a Raman amplifier configured to receive a signal 
from a signal source. The signal travels in an upstream direction in the Raman 
amplifier. A first pump source is coupled to the first Raman amplifier. The 
5 first pump source produces a first pump beam in a downstream direction that is 
counter-propagating relative to the signal. A second pumpjsource is coupled to 
the first Raman amplifier. The second pump source produces a second pump 
beam that travels in the upstream direction. A third pump source is coupled to a 
second Raman amplifier. The third pump source produces a third pump beam 
1 0 that travels in the downstream direction. 

In another embodiment of the present invention, a Raman amplifier 
assembly includes an optical transmission line with a first port and a second 
port. At least a portion of the optical transmission line produces Raman gain. 
A first pump source produces a first pump beam. The first pump beam and a 

15 first signal of multiple wavelengths enter the first port and travel in a 

downstream direction from the first port to second port. A second pump source 
produces a second pump beam. The second pump beam and a second signal of 
multiple wavelengths enter the second port and travel in an upstream direction 
from the second port to the first port. At least a portion of the second pump 

20 beam pumps the first pump beam, and at least a portion of the first signal 
wavelengths have shorter wavelengths than the second signal wavelengths. 

In another embodiment of the present invention, a Raman amplifier 
assembly includes a Raman amplifier configured to receive a signal from a 

* * * * 

signal source. The signal travels in an upstream direction in the Raman 
25 amplifier. A first pump source is coupled to the Raman amplifier. The first 

pump source produces a first pump beam that travels in a downstream direction 
and is counter-propagating relative to the signal source. A second pump source 
is coupled to the Raman amplifier and has an average relative intensity noise of 
less than -80dB/Hz. The second pump source produces a second pump beam 
30 that travels in the upstream direction. The second pump beam has wavelengths 
that are shorter than wavelengths of the first pump beam. 
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In another embodiment of the present invention, a method of broadband 
amplification provides a Raman amplifier assembly that includes an optical 
transmission line with a first port and a second port. At least a portion of the 
optical transmission line produces Raman gain. The Raman amplifier assembly 
5 is pumped with at least a first pump beam and a second beam. At least a portion 
of the second pump beam pumps the first pump beam. A first signal of multiple 
wavelengths is introduced into the first port. A second signal of multiple 
wavelengths is introduced into the second port. The first and second signals are 
amplified. 

10 In another embodiment of the present invention, a method of broadband 

amplification provides a first pump source, a second pump source with an 
average relative intensity noise of less than — 80 dB/Hz and a Raman amplifier 
assembly. The Raman amplifier assembly includes an optical transmission line 
with a first port and a second port. At least a portion of the optical transmission 

1 5 line produces Raman gain. The Raman amplifier assembly is pumped at the 
first port with at least a first pump beam, and at the second port with a second 
pump beam. The second pump beam has wavelengths that are shorter than 
wavelengths of the first pump beam. A signal is introduced into the second 
port. The signal is amplified. . 

■ « t 

20 In another embodiment of the present invention, a Raman amplifier 

assembly includes a Raman amplifier configured to receive a signal from a 
signal source. The signal travels in an upstream direction in the Raman 
amplifier. A first pump source is coupled to the Raman amplifier and produces 
a first pump beam. The first pump beam travels in a downstream direction and 

25 is counter-propagating relative to the signal. The first pump source is 

substantially depolarized. A second pump source is coupled to the Raman 

amplifier and produces a second pump beam. The second pump beam travels in 

■ 

the upstream direction and pumps the first pump beam. 

30 BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a graph of Raman gain coefficient in fused silica fiber. 

9 
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Figure 2 is a listing of Raman cascade order wavelengths for various 
pump wavelengths; 

Figurer 3(a) is a schematic diagram of one embodiment of a bi- 
directionally pumped Raman amplifier of the present invention with two pumps. 
5 Figure 3(b) is a graph illustrating pump profile as a function of fiber 

length with a single pump, such as from Figure 3(a). ^_ 

Figure 3(c) is a graph illustrating the pump profile, such as for the 
Figure 3(a) Raman amplifier, with two pumps that are counter-propagating. 

Figure 3(d) is a schematic diagram of an embodiment of a Raman 
10 amplifier with multiple Raman orders. 

Figure 4 is a schematic of an embodiment with the signal wavelength in 
the neighborhood of 1550 nm and transmission fiber length distance of 40 to 45 
km between amplifiers. 

Figure 5 is a graph illustrating the loss versus wavelength for different 
15 types of optical fibers useful in some embodiments. 

Figure 6 is a table of calculation parameters to illustrate the 
improvement in noise figure of some embodiments. 

Figure 7 is a graph illustrating the optical noise figure versus spacing 
between optical amplifiers for forward, backward and bi-directional pumping of 
20 some embodiments of Raman amplifiers. 

Figure 8 is a table of the data from Figure 7. 

Figure 9(a) is a schematic diagram of one embodiment of a transmission 
line that is periodic and has at least two pump modules per period. 

Figures 9(b)-9(c) illustrate embodiments of different pump modules, 
25 which can optionally be used with the transmission line of Figure 9(a). 

Figure 9(d) is a schematic diagram of an embodiment of a transmission 
line with a hybrid amplifier with pumping that goes through a discrete 
amplifier. 

Figure 1 0 is a schematic diagram of one embodiment of a dual 
30 wavelength Raman oscillator of the present invention pumped at 1 100 nm. 

Figure 1 1 is a schematic diagram illustrating an embodiment of a laser 
diode pumping of an S band distributed Raman amplifier. 

10 
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Figure 12(a) is a schematic diagram of one embodiment illustrating a 
pumping scheme of a hybrid amplifier with a signal near 1550 nm. 

Figure 1 2(b) is a schematic diagram of one embodiment illustrating 
hybrid amplifier pumping through a discrete amplifier with a signal near 1550 
5 nm. 

Figure 13 is a schematic diagram of an embodimentwith broadening of 
the pump wavelength spectrum used in a hybrid amplifier. 

Figure 14 is a schematic diagram illustrating an embodiment with a low 
noise discrete single stage Raman amplifier. 
10 Figure 15(a) is a schematic diagram of a dual stage Raman amplifier 

embodiment with improved noise performance in the first stage. , 

Figure 1 5(b) is a schematic diagram of a dual stage Raman amplifier 
embodiment with improved noise performance in the first and second stages. 

Figure 16(a) is a schematic diagram of an embodiment with a dual stage 
1 5 Raman amplifier with a shunt and improved noise performance in the first 
stage. 

Figure 16(b) is a schematic diagram of an embodiment with a dual stage 
Raman amplifier with a shunt and improved noise performance in the first and 
second stages. 

20 Figure 1 7 is a graph of gain versus wavelength for an embodiment of a 

broadband Raman amplifier without pump pre-emphasis. 

Figure 18 is a graph of pump power versus fiber length for an 
embodiment of a broadband Raman amplifier without pump pre-emphasis. 

Figure 19 is a graph of gain versus wavelength for a broadband Raman 
25 amplifier with pump pre-emphasis. 

Figure 20 is a graph of pump power versus fiber length for a broadband 
Raman amplifier with pump pre-emphasis. 

Figure 21(a) is a schematic diagram of an embodiment with five laser 
diode pumping with pump pre-emphasis in Raman amplifiers. 
30 Figure 21(b) is a schematic diagram of an embodiment with multiple 

laser diodes pumping with higher power for shorter wavelengths for pump pre- 
emphasis in Raman amplifiers. 

11 
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Figure 22(a) is a schematic diagram of an embodiment with multiple 
laser diodes and Raman oscillators pumping with higher power for shorter 
wavelengths for pump pre-emphasis in Raman amplifiers. 

Figure 22(b) is a schematic diagram of an embodiment with multiple 
5 laser diodes pumping in combination with dual wavelength Raman oscillators 
with higher power for shorter wavelengths for pump pre-emphasis in Raman 
amplifiers. 

Figure 23 is a graph of gain versus wavelength for a discrete Raman 
amplifier of an embodiment with pump pre-emphasis. 
10 Figure 24 is a schematic diagram of one embodiment of a dual stage 

amplifier. 

Figure 25 is a graph of gain versus wavelength for an S band dual stage 
amplifier, such as for the embodiment of Figure 24. 

Figure 26 is a graph of noise figure versus wavelength for an S band 
1 5 dual stage amplifier, such as for the embodiment of Figure 24. 

Figure 27 is a historical graph illustrating the increase in the number of 
wavelengths versus year. 

Figure 28(a) is a graph of the efficiency of four wave mixing penalty 
versus channel separation. 
20 Figure 28(b) is a graph of the maximum power per channel versus the 

number of channels as limited by different fiber non-linear effects. 

Figure 29 is a schematic diagram of an embodiment illustrating removal 
of channels to reduce four wave mixing penalties. 

Figure 30 is a schematic diagram of an embodiment of a dense WDM 
25 system with 10 GHz channel spacing. 

Figure 3 1 is a graph of loss versus wavelengths comparing the 
wavelength range over which hybrid and discrete amplifiers can be operated. 

Figure 32(a) is a schematic diagram of an embodiment of a multi-band 
amplifier module using a single WDM to split or combine the bands and 
30 distributed Raman amplification in the S+ band. 

Figure 32(b) is a schematic diagram of an embodiment of a multi-band 
amplifier module using multiple WDM's to split or combine the bands and 
distributed Raman amplification in the S+ band. 

12 
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Figure 33(a) is a schematic diagram of an embodiment of a multi-band 
amplifier module using a single WDM to split or combine the bands and hybrid 
amplification in the S+ band. 

Figure 33(b) is a schematic diagram of an embodiment of a multi-band 
5 amplifier module of the present invention using multiple WDM's to split or 
combine the bands and hybrid amplification in the S+ band._ 

Figure 34(a) is a graph of gain versus length for an amplifier. 

Figure 34(b) is another graph of gain versus length for an amplifier. 

Figure 35 is a schematic diagram of an embodiment of a Raman 
10 amplifier. 

Figure 36 is a schematic diagram of an embodiment of a DRA. 

Figures 37 and 38 are graphs of optical noise figure, such as for the 
embodiment of Fig. 36. 

Figure 39 is a schematic diagram of an embodiment of a tri-band DRA. 
15 Figure 40 is a graph of span Raman gain (dB) versus wavelength (nm). 

Figure 41 is a graph of total gain or loss (dB) versus wavelength (nm). 

Figure 42 is a graph of effective NF (dB) versus wavelength (nm). 

Figure 43 is a graph of loss and DRA NF (dB) versus wavelength (nm). 

Figure 44 is a block chart of various embodiments of DRAs. 
20 Figure 45 is another block chart of various embodiments of DRAs. 

Figure 46 is a block chart of various embodiments of pump 
configurations. 

Figure 47 is a block chart of various embodiments of discrete amplifiers. 

Figure 48 is a block chart of various embodiments of broadband DRA's. 
25 Figure 49 is a block chart of various embodiments of Raman amplifiers. 

Figure 50 is a block chart of various embodiments of U-DWDM 
systems. _ 

Figure 5 1 is a block chart of various embodiments of uses of amplifiers. 

Figure 52 is another block chart of various embodiments of uses of 
30 amplifiers. 

DETAILED DESCRIPTION 
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The noise performance for distributed Raman amplifiers (DRA's) can be 
improved by using a multiple Raman order pumping scheme. The signal 
wavelength can be pumped by a Raman order (i.e., n th Raman order or pump 
Raman order). The pump Raman order can be amplified by the previous Raman 
5 order (i.e., n-1 Raman order or intermediate Raman order). The low-noise DRA 
pumping scheme can be arranged so that the n Raman order is counter- 
propagating to the signal, while the ri-1 Raman order is co-propagating with the 
signal. In this configuration, the pump fluctuations from the •n th Raman order do 
not couple to the signal. The n m Raman order can be amplified closer to the 

10 input of one period of the amplifier length by the n-1 R,aman order, thereby 

improving the noise figure of the amplifier; More generally , the pump Raman 
order can be arranged to be counter-propagating to the signal direction, and 
alternate previous Raman orders can be arranged to be counter-propagating to 
each of the subsequent Raman orders (i.e,j consecutive Raman orders alternate 

15 in direction). This alternating pumping scheme can give a more uniform profile 
for the gain. This achieves a number of advantages, including one or r more of 
boosting the pump near the beginning of each period of the amplifying segment 
to improve the NF for the DRA, and achieving a more uniform application 
profile which can be important for high-bit-rate systems and soliton based 

20 systems. Because the pump Raman order can be counter-propagating to the 
signal^ the noise coupling between pump and signal can be minimized. 
Additionally, amplifying the pump can be a way to accumulate more pump 
power in the fiber. This can be particularly important when weaker pumps such 
as laser diodes are used, where the powers from different laser diodes can be 

25 combined. 

In one exemplary system; the Raman pumps can be placed at amplifier 
spacings of 40-45km, corresponding to one exemplary hut spacing in a 
telecommunication system. The amplification scheme can either be a pure 
DRA or a hybrid scheme comprising a discrete and distributed amplifier. The 

30 pump Raman order light can propagate upstream toward the signal source, 

while the intermediate Raman order can propagate downstream in the direction 
of the signal. For example, the hybrid amplifier could be an erbium-doped fiber 
amplifier (EDFA) that operates around 1 550nm combined with a DRA. A 

14 
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pump Raman order (n* order) can be introduced, counter-propagating around a 
wavelength of 1450nm, while the intermediate Raman order (n-1 order) can be 
inserted, co-propagating around a wavelength of 1 365nm. 

The low-noise DRA or hybrid amplifier can be pumped by either 
5 separate pumps or by dual-wavelength Raman oscillators. The dual-wavelength 
Raman oscillator can be a periodic transmission filter, with output couplers used 
along two arms of the cavity in the n* and n-1 Raman orders. Alternately, the 
and n- 1 Raman order pumps can be laser diodes at the appropriate Raman 
wavelengths, where subsequent orders are separated by approximately 13.2THz. 

10 This provides a convenient way to combine and accumulate sufficient laser 
diode power from a number of laser diodes. The n th order pump can be 
combined with the pump for the discrete amplifier in a hybrid amplifier scheme. 
For example, a pump between 1450-1480nm can be used to pump both a 
discrete EDFA as well as the DRA in the n? 1 order. 

15 Multiple Raman orders to improve the amplifier NF and distribution of 

gain can also be used in discrete Raman amplifiers. In the discrete amplifier, a 
gain fiber can be inserted into the transmission line rather than using the 
transmission fiber as a gain medium. The NF improvement arises from 
boosting the pump at the entry point of the amplifier. A counter-propagating 

20 geometry can minimize the pump-to-signal coupling of fluctuations. Finally, in 
some embodiments pump lasers both at the pump Raman order as well as the 
intermediate Raman order can combine more laser diode powers. 

Beyond the noise figure, other possible areas of improvement for DRA's 
include addressing limited bandwidth (e.g., about 20-25nm) and high pump 

25 power requirements. One embodiment achieves a relatively flat and broadband 
DRA with a pump pre-emphasis technique combined with the spatial and 
spectral evolution of the Raman gain profile down the length of the transmission 
fiber. The nonlinear interaction between the pumps can be applied to discrete 
Raman amplifiers as well as DRA's. One embodiment improves the efficiency 

30 of Raman amplifiers by increasing the effective nonlinearity of the fiber used as 
the gain medium. One embodiment increases the effective nonlinearity without 
significantly increasing the loss or dispersion in the fiber, and keeping the cut- 
off wavelength of the fiber shorter than the pump wavelengths. 

15 
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Finally , some embodiments of DRA's are systems enabled by use of the 
DRA's. In one exemplary system, the benefits of DRA - such as reduction of 
nonlinear effects among WDM signal channels - can increase the bandwidth 
utilization efficiency in WDM systems. For example, by using low-noise 
5 DRA's, the channel spacing can be reduced in some embodiments to l'OGHz, 
thereby enabling 100's of wavelength channels in WDM systems. In one 
embodiment, a source for such a dense- WDM system can be a continuum 
generation source in which the longitudinal modes serve as different wavelength 
channels. In another embodiment, DRA's can permit bandwidth expansion into 

10 the S + -band and shorter wavelengths (i.e., wavelengths shorter than 1480nm), 
where the loss in the fiber can increase beyond 0.03dB/km above the fiber loss 
minimum around 1550nm. 

In some embodiments, by using multiple order Raman pumping of a 
DRA, some of limitations of current schemes of DRA can be minimized. Some 

15 current DRA schemes can be restricted to a counter-propagating pumping 
scheme, which leads to reduced NF and limited fiber length over which the 
DRA is effective. Both of these limitations can arise from the attenuation of the 
pump as it propagates down the fiber. Therefore, if a way of boosting the pump 
down the transmission line existed, the NF and length restrictions could be 

20 minimized. One embodiment is a Raman amplifier with an improved noise 
figure. Another embodiment makes the pump profile as a function of length 
more uniform with bi-directional pumping. The co-propagating pump can 
couple fluctuations to the signal, degrading the NF. Another embodiment is a 
Raman amplifier with bi-directional pumping having an improved noise figure. 

25 Thus, bi-directional pumping can be used with an extremely low-noise pump. 
Another embodiment boosts the pump down the transmission line with the 
previous Raman order to amplify the pump Raman order. 

In another embodiment, a Raman amplifier with bi-directional pumping 
has an improved noise figure. Bi-directional pumping can be achieved with a 

30 pump to amplify the signal in a counter-propagating manner. One embodiment 
is a bi-directional Raman amplifier with at least a first and a second pump as 
well as at least one additional pump that co-propagates with the signal to 
amplify the first pump. The signal wavelength can be pumped by a Raman 
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order (i.e., n 01 Raman order or pump Raman order). The pump Raman order can 
be amplified by the previous Raman order (i.e., n-1 Raman order or 
intermediate Raman order). 

The low-noise DRA pumping scheme can be arranged so that the n th 
5 Raman order is counter-propagating to the signal, while the n-1 Raman order is 
co-propagating with the signal (c.f. Figure 3a). In this; configuration, the pump 
fluctuations from the n m Raman order do not couple to the signal. Also, the 
Raman order can be amplified closer to the input of one period of the amplifier 
length by the n- 1 Raman order, thereby improving the noise figure of the 

1 0 amplifier (Figs. 3b,c). One embodiment is a bi-directional Raman amplifier 
with multiple orders of Raman pumps and includes at least a first and a second 
pump and at least one additional pump that co-propagates with the signal to 
amplify the first pump. 

The pump Raman order can be arranged to be counterrpropagating to the 

15 signal direction, and alternate previous Raman orders can be arranged to be 

counter-propagating to each of the subsequent Raman orders (i.e., consecutive 
Raman orders alternate in direction) — Figure 3d. This alternating pumping 
scheme can give a more uniform profile for the gain. In one embodiment, the 
Raman pumps can be placed at amplifier spacings of 40-45km, corresponding to 

20 one possible hut spacing in telecommunication systems (Figure 4). Since the 
pump attenuation can range from 0.3-0.4dB/km (c.f. Figure 5), in some 
embodiments the pump effectiveness in providing Raman gain can be restricted 
to a few L C fT lengths, or about 1 0-20km. 

Another embodiment is a low noise distributed Raman amplifier with bi- 

25 directional pumping. Another embodiment is a low noise hybrid Raman 

amplifier with bi-directional pumping. The 40-45km spacing can keep the DRA 
effective all the way through the transmission line. The amplification scheme 
can either be a pure DRA or a hybrid scheme comprising a discrete and 
distributed amplifier. The pump Raman order light propagates upstream toward 

30 the signal source, while the intermediate Raman order propagates downstream 
in the direction of the signal. In one example, the hybrid amplifier could be an 
erbium-doped fiber amplifier (EDFA) that operates around 1550nm combined 
with a DRA. A pump Raman order (n th order) is introduced counter- 
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propagating around a wavelength of 1450nm, while the intermediate Raman 
order (n-1 order) is inserted co-propagating around a wavelength of 1365nm. 
Also listed in Figure 4 are other previous order Raman wavelengths, which can 
be used to extend the scheme to more than two pump orders in other 

.5 embodiments. 

The improvement in NF for this 1 550nm signal wavelength from using 
the multi-Raman order pumping scheme in some embodiments can be estimated 
using some simple calculations. Losses for different wavelengths can be 
assumed to.be: at 1550nm ~0.2dB/km, at 1450nm ~0.3dB/km, and at 1365nm 

10 ~0.35dB/km (see Figure 5). The details of the calculated case are provided in 
Figure 6. t 

The computed noise figure is shown in Figure; J, and a tabulation of the 
noise figure for different embodiments' pump configurations versus length is 
included in Figure 8, The backward pump case refers to using a single pump 

15 that decays toward the input, and this case can have the worse noise figure. It 
can be used with the counter-propagating pump reducing noise coupling 
between the signal and pump. The forward pump has theoretically the best 
noise figure. The bi-directional pumping using two cascaded Raman orders is 
also shown in Figure 7, and it has an optical noise figure between the two 

20 limiting cases of forward and backward pumps. At 40km amplifier spacing, the 
bi-directional pumping gives more than IdB improvement in noise figure over 
. the backward pumped case. At 80km amplifier spacing, the bi-directional 
pumping gives ~ 4dB improvement in noise figure over the backward pumped 
case.- 

25 In another embodiment, a bi-directional Raman amplifier is provided 

with pump modules that can be multi- wavelength Raman oscillators, single 
wavelength Raman oscillators, laser diode pumps and combinations thereof. 
The low-noise DRA or hybrid amplifier can be pumped by either separate 
pumps or by dual-wavelength Raman oscillators (Figures 9(a) and 9(b)). The 

30 dual- wavelength Raman oscillator can be of the design of a periodic 

transmission filter, with output couplers used along two arms of the cavity in the 
n* and n-1 Raman orders (Figure 9(c)). In another embodiment, the n th and n-1 
Raman order pumps can be laser diodes at the appropriate Raman wavelengths, 
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where subsequent orders can be separated by approximately 13.2THz (Figure 
9(d)). Sufficient laser diode power from a number of laser diodes can combine 
and accumulate. The n 01 order pump can be combined with the pump for the 
discrete amplifier in a hybrid amplifier scheme (Figure 9(e)). For example, a 
5 pump between 1450-1480nm can pump both a discrete EDFA as well as the 
DRA in the n* order. . ... ' . ^_ ■ 

An exemplary dual-wavelength Raman oscillator of Figure 9(c) is 
illustrated in more detail in Figure 1 0. This embodiment of a Raman oscillator 
is of a periodic filter design. A dual-wavelength Raman oscillator is shown for 

10 a signal band around 1 550nm. The two output wavefengths desired.can be 

around 1450nm and 1365nm. A broadband mirror (i.e, either dielectric coating 
or a Sagnac loop mirror) and a gain fiber can form one end of the cavity. A 
periodic filter can separate the paths for alternate Raman orders. Narrow-band 
reflectors such as fiber gratings can form the cavities for each of the 

1 5 intermediate Raman orders. For the two output Raman wavelengths desired, 
output couplers can be used that can have a transmission between 5 to 30 
percent. In embodiment of a cavity design the two desired Raman orders can be 
automatically separated. The periodic filter can help to reduce losses and any 
heating effects that may exist in the gratings. 

20 The multiple Raman order pumping scheme can be used to enhance the 

combination of power from different LD's. As an example, Figure 11 shows 
how a short- wavelength band (S-band) amplifier at approximately 1480nm can 
be made with laser diodes at convenient wavelengths. Since the zero dispersion 
wavelength for standard single-mode fibers can be around 131 Onm, LD 

25 technology for 1 3 1 Onm semiconductor lasers can be fairly mature. Efforts have 
been made to make LD's around 1400nm. The LD's for 131 Onm can be made 
from InGaAs ternary compound semiconductors, while the LD's for 131 Onm or 
1400nm can be made from InGaAsP quaternary compound semiconductors. 
For an S-band amplifier centered around 1480nm, the two required pump orders 

30 can be around 1390nm for the n lh order and around 131 Onm for the n-1 order. 

Different LD's can be combined in each pump module with a combination of 
polarization multiplexing and wavelength division multiplexing, as shown in 
Figure 1 1 . Although the power per LD may be limited, by combining several 

19 



RNSDOCID: <WO 0152372A1 »A> 



WO 01/052372 PCT/US01/00943 

LD's and by using the two Raman orders to transfer power to the signal, 
adequate power levels can be reached for Raman amplification (i.e., above 
400m W) in some embodiments. 

In one embodiment of a hybrid amplification scheme, the pumping 
5 configuration can be simplified by using a common pump for the discrete and 
distributed amplifier. The pump Raman order (n^ order) can be, used to pump a 
discrete Raman amplifier or a discrete amplifier such as an EDFA. For 
example, a pump between 1450-1480nm can be used to pump both a discrete 
EDFA as well as the DRA in the n 1 * 1 order; (Figure 12). The pump band for 

10 EDFA's can peak around 1480nm, and absorption can exist down to below 
1450nm. An n* order Raman pump in-the wayelength range of ^1450,tQ, 
~1480nm can be used both as a discrete EDFA pump as well as the backward 
pump for a DRA. The corresponding n-1 order fonvard Raman pump can be in 
the wavelength range of -1365 to ~1390nm. The n th order puinp can be split 

15 v and sent separately to the DRA and EDFA (Figure 1 2(a)). The DRA can be 
pumped with the remaining power after the EDFA (Figure 12(b)). Figure 9 
shows an embodiment where the pump lasers can be combined LD's or single 
or dual- wavelength Raman oscillators. 

Another embodiment pumps the hybrid amplifier by broadening the nth 

20 order pump wavelength using nonlinearities in fibers. For propagation near the 
zero dispersion wavelength of a fiber, the pump beam can experience spectral 
broadening due to a phenomena knov/n as four-wave mixing (4WM) or 
parametric amplification (PA). Sending a high-powered n lh order pump through 
a fiber with appropriately selected zero dispersion wavelength can lead to a 

25 broader pumping band that can pump both discrete and distributed amplifiers. 
Figure 13 illustrates an embodiment of a pumping scheme for the signal band 
around 1 550nm, such as in Figure 12. For instance, a high-powered pump can 
be selected around 1 465nm. With a fiber having a zero dispersion wavelength 
around 1465nm, the pump spectrum can be broadened to cover the range of at 

30 least 1450 to 1480nm. The pump lead fiber should have the group velocity 

dispersion less than or equal to about 2ps/nm/km. The fiber can be dispersion 
managed (i.e., combine different dispersion fibers to cancel out some of the 
dispersion) to achieve this dispersion around 1465nm. In one embodiment, if 
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the discrete amplifier is an EDFA, it can absorb wavelengths closer to 1480nm. 
In one embodiment, the DRA can pump wavelengths around 1450nm for a 
signal band around 1550nm. A spectrally broadened pump can effectively 
pump both the discrete EDFA and the DRA. 
5 In another embodiment, a low noise discrete Raman amplifier can have 

bi-directional pumping. Advantages mentioned above can benefit discrete 
amplifiers. In the discrete amplifier, a gain fiber can be inserted into the 
transmission line rather than using the transmission fiber as a gain medium. 
Discrete amplifiers can be in single or multiple.stages. The NF improvement 

10 again arises from boosting the pump at the entry point of the amplifier. In one 
embodiment, a counter-propagating geometry can minimize the pump-to-signal 
coupling of fluctuations. Pump lasers both at the pump Raman order as well as 
the intermediate Raman order can combine more laser diode powers. 

One embodiment of a single-stage discrete Raman amplifier using the 

1 5 multi-order pumping scheme is illustrated in Figure 14. The discrete amplifier 
comprises a gain fiber surrounded by two WDM's for inserting the pumps. In 
some embodiments, one or two isolators surrounding the amplifier can.be 
inserted to avoid lasing or feedback from reflections. The dual-wavelength 
pump module can be similar to Figure 9, comprising different order oscillators, 

20 a dual-wavelength Raman oscillator or different ED combinations. The n 

order pump can be made counter-propagating to the signal, while the n-1 order 
intermediate order can be made to be co-propagating to the signal. The.n-l 
order helps to boost the gain for the signal at the entry point into the gain fiber, 
thereby improving the NF of the amplifier. 

25 The multiple-Raman order pumping can be advantageous for multi-stage 

Raman amplifiers. For example, Figure 15 illustrates embodiments of dual- 
stage Raman amplifiers, where the first stage can be a low-noise pre-amplifier 
while the second stage can be a power amplifier. An isolator can be placed 
between the two sections to minimize the effects from stray reflections as well 

30 as multi-path interference. In addition, lossy modules, such as dispersion 

compensation elements or optical add/drop multiplexers, may also be placed at 
an intermediate stage between the two gain sections. If the n-1 order pump can 
be used in one place, an important position in one embodiment is in the low- 
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noise pre-amplifier, as illustrated in Figure 15(a). Further improvements in the 
gain and NF can be obtained by inserting a second n- 1 order pump at the entry 
point to the highrgain segment, as shown in the embodiment of Figure 15(b). 

An embodiment of a more-efficient dual-stage design is shown in Figure 
5 16. The first stage can be a low-noise pre-amplifier while the second stage can 
be a power amplifier. The n A order pump can be used first in the low-noise pre- 
amplifier, and then any residual n* order pump power can be fed back to the 
second stage and used to pump the power amplifier in a counter-prppagating 
fashion. In one embodiment, if the n-1 order pump can be used in only one 

10 position, the coupling location is the beginning stage of the low-noise pre- 
amplifier (Figure 16(a)). In another embodiment, more gain and better NF can 
be obtained by adding a second n-1 order pump at the beginning of the power 
amplifier (Figure 16(b)). In some embodiments, isolators ,can be placed in the 
pump loop-back paths as indicated in Figure 16 to improve the multi-path 

15 interference for the signal. 

As shown in Figure 1, the gain bandwidth of Raman amplification with 
a single pump can be on the order of 20nm. To make broadband Raman 
amplifiers, multiple pumps at different wavelengths can be used. However, in a 
DRA, the nonlinear interaction between pumps can make it difficult to achieve 

20 a broadband DRA. r In particular, through the Raman effect in the fiber, the 

longer wavelength pumps rob energy from the shorter wavelength pumps. As a 
consequence, longer wavelength bands receive more gain than shorter 
wavelength bands. ; 

One embodiment achieves relatively flat and broadband DRA with a 

25 pump pre-emphasis: technique combined with the spatial and spectral evolution, 
of the Raman gain profile down the length of the transmission line. Given that 
there can be non-linear interaction between pumps, the interaction can be 
exploited to create a more uniform gain profile. Since DRA's can use the entire 
length of transmission line, the long transmission length can allow the pump 

30 power to re-distribute and provide more uniform pumping. In some 

embodiments the shortest wavelength pump beam should be the highest power, 
and then the longer wavelength pumps should be in sequentially diminishing 
power levels at the input to the fiber. Then, as the pumps propagate down the 
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length of the transmission fiber, the pump power starts at the shortest 
wavelength and shifts along the fiber length to the longer wavelength pumps. 
The pump pre-emphasis magnitude can depend on details of the system, 
including pump power* fiber effective area, fiber length, fiber loss and Raman 
5 gain coefficient. 

A hybrid amplifier can use discrete erbium-doped fiber amplifiers 
combined with DRA's. The conventional (C-band) and long-wavelength (L- 
band) erbium-doped fiber amplifiers cover the wavelength range from about 
1530 to T610nm. Computer simulations can study the effect of different 
10 pumping schemes. One embodiment has pump wavelengths of 1430, 1450, 
1470, 1490 and 1510nm. The net power over all of these pump bands can be 
925mW in one embodiment. The parameters for the simulations in one 
embodiment are: < 

> effective area A«ff= 50 jim 2 ; 
15 > link length L = 40km 

loss at 1310nm: 0.35dB/km 

> loss at 1380nm: 0.3dB/km 

> loss at 1 550nm: 0.2dB/km 

In one embodiment multiple Raman pumps can be launched at equal 
20 powers to provide DRA over the G and L bands. For example, 5 Raman pumps 
can be launched at equal powers of 1 85m W per pump. Figure 1 7 shows an 
example of gain when equal pump powers are launched, and Figure 1 8 shows 
an example of the evolution of the different pumps along the transmission fiber. 
The gain can be highly non-uniform with a change of almost 20dB between 
25 1 530 and 1 61 Oniri. The pump evolution in Figure 18 shows that the power can 
shift rapidly to longer wavelengths, thereby creating higher gain at the longer 
wavelengths. 

Pump pre-emphasis can be used, and the evolution down the fiber. In 
one example, pump powers launched can be: 500mW at 1430nm, 250m W at 
30 1450nm, lOOmW at 1470nm, 50m W at 1490nm and 25m W at 1510nm (note: 
same net power as in above case). In this example, the pumps can be assumed 
to be much stronger than the signal powers, so there is no pump depletion. The 
resulting gain profile is shown in Figure 19 for this example, and the gain is 15 
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± 2dB over the entire band between 1530 and 1610nm. Further gain flattening 
elements — such as Mach-Zehnder interferometer filters, long-period gratings or 
acousto-optic devices — can be used to further flatten the gain in other 
embodiments. In another embodiment, more pumps at closer wavelength 
5 spacing can be used to create a flatter gain profile. The pump evolution for the 
different wavelengths is shown in Figure 20, and the peak for longer 
wavelength pumps is seen to occur further down the fiber during the spatial 
evolution. 

The Raman pump used for the broadband amplification can be various 

10 combinations of laser diodes (LD's) and Raman oscillators. Figs. 21 and 22 
show other embodiments with pumps. One exemplary pumping scheme 
combines different LD's at each of the pump wavelengths (Figure 21(a)). If 
sufficient LD power does not exist, for example for the shortest wavelength at 
the highest power, then different LD's that are polarization and/or wavelength 

15 multiplexed can be used (Figure 21(b)). In another embodiment, a high- 
powered Raman oscillator can provide the 1 st and, if necessary, 2 nd pump 
wavelengths, arid the longer wavelength weaker pumps can be LD's (Figure 
22(a)). One advantage of the Raman oscillators in some embodiments is that 
higher powers are readily available at this time. A Raman oscillator of the 

20 design of a periodic filter can be used with, for example, one or two output 
couplers to obtain the shortest wavelength pumps (Figure 22(b)). 

Pump pre-emphasis can be used in discrete Raman amplifiers. Figs. 18 
or 20 show that the pump re-distribution activity can occur in fiber lengths 
under about 1 5km in some embodiments: For discrete Raman amplifiers with 

25 lengths on the order of 8-1 5km (for example, Raman amplifiers made in 

dispersion-shifted fiber), pump pre-elmphasis techniques can be used to broaden 
the gain bandwidth. For instance, the gain for the DRA in Figure 19 is _ 
recalculated for the case of a 1 5km lengthof gain fiber and shown in Figure 23. 
Although the fiber length is reduced from 40km back to 15km, the gain profile 

30 remains very similar. The same parameters are used as in Figure 1 9, except that 
the power in the longest two pump wavelengths can be slightly increased. The 
power shift to the longest wavelengths is not complete in the 15km. Therefore, 
the pump powers used for the example in Figure 23 are: 500mW at 1430nm, 
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250mW at 1450mW, lOOmW at 1470nm, 80m W at 1490nm (slight increase 
from 40km case), and 70mW at 151 Onm (increase from 40km case). The 
resulting gain is approximately 13±1 dB over the range from 1530 to 1610nm. 
Just as in the DRA, for a discrete amplifier, the pump can be a 
5 combination of LD's and Raman oscillators. Also, the pump pre-emphasis 
technique can be used for both single and multi-stage amplifiers. In some 
embodiments, the addition of longer wavelength LD's offers a way of 
upgrading discrete or distributed Raman amplifiers. A high-powered Raman 
oscillator, such as illustrated in Figs. 10 or 22b, can pump the amplifier in one 

10 embodiment. In other embodiments, by the addition of the long wavelength 
LD's, the gain bandwidth can be increased. In other embodiments, by: 
adjustment of the amplitude of the long wavelength LD's, the gain tilt can also 
be varied* for example, with a Raman oscillator pump. 

Broadband Raman amplifiers with multiple pump pre-emphasis can be 

1 5 combined with multipleorder Raman pumping from the two sides to lower the . 
noise figure. For broadband and low-noise case embodiments, multiple 
wavelength pumps can be used at the various Raman order pumps. For 
example, if four wavelengths are used to achieve a certain gain bandwidth in the 
n th order pump, then from the opposite side the amplifier can also be pumped by 

20 four wavelengths at the n-1 order. Because of the spatial evolution down the 
length of the fiber, the noise figures can be improved oyer the counter- 
propagating case, and the amount of improvement may vary for different gain 
bands. 

Due to the high pump power requirements of Raman amplifiers, some 
25 embodiments include higher efficiency Raman amplifiers, where the efficiency 
can be defined as the ratio of signal output to pump input. In one embodiment, 
the efficiency can be improved to the point that laser diodes (LD's) can be used 
to directly pump the Raman amplifier. As an exemplary benchmark, for a dual 
stage amplifier made from dispersion-shifted fiber (DSF) with a gain of >1 5dB 
30 and an electrical noise figure of <6dB, a pump power of about 1 W can be 

required from the Raman oscillator or pump laser. This power level can require 
the combined powers from about eight LD's in one embodiment. If the pump 
requirements could be dropped by a factor of four or so, the pump powers could 



25 



WO 01/052372 PCT/USO 1/00943 

be achieved with the combination of two LD's that are polarization multiplexed 
in another embodiment. In one embodiment, four LD's could be used to 
provide more than 0.5 W of power, and the remaining improvement factor could 
be used to reduce the gain fiber lengths. 
5 One embodiment improves the efficiency of Raman amplifiers by 

increasing the effective nonlinearity of the fiber used as the gain .medium. The 
effective nonlinear coefficient for the fiber can be defined as 



r = 



< a ■ .i 



where n2 is the nonlinear index of refraction and A^ff is the effective area of the 

10 fiber. The Raman gain coefficient can be directly proportional to y. The Raman 
coefficient is the imaginary part of the nonlinear susceptibility while the index 
; is proportional to the real part of the susceptibility, and the nonlinear index and 
Raman gain will be related by the so-called Kramers-Kronig relations. For a 
dispersion shifted fiber at I SSOnm wavelength with an n2 = 2.6 x 10" cm /W 

1 5 and an A C fr ~ SO^rn 2 , the nonlinear coefficient can be abouty = 2 ^km" 1 . If 
this value is raised to over 3 W^km" 1 , then the pump power or fiber lengths can 
be reduced in proportion to the increase in nonlinear coefficient. 

Beyond the constraint on the Raman gain coefficient, the dispersion in 
the amplifier can be restricted. To maintain a relatively low level of dispersion 

20 i. in the vicinity of the signal wavelengths, the zero dispersion wavelength Xo can 
. be in close proximity to the operating wavelength. For single-channel, high-bit- 
rate systems, one embodiment minimizes the dispersion by placing the signal 
wavelength within lOnm of the ^ For some embodiments of multi-wavelength 
WDM systems, where the channels can interact through four-wave mixing in 

25 the vicinity of .Xo, a dispersion-managed fiber can be used. A dispersion- 
managed fiber can have a locally high dispersion but a path-averaged value for 
dispersion close to zero by combining lengths of plus and minus values for the 
dispersion around the operating band. For the operating wavelength band, some 
segments of fiber can have X Q at shorter wavelengths and some segments of 

30 fiber can have X Q at longer wavelengths. 
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By proper design of the fiber, higher nonlinearity and lower dispersion 
can be achieved. For example, for operation in the S-band around 1520nm, 
high nonlinearity fibers have been produced. The fiber core can have a 
modified parabolic refractive index profile with a Apeak = 2%. Three exemplary 
5 fibers have zero dispersion wavelengths of 1 524nm, 1 533nm and 1536nm. 
Such fibers can have a dispersion slope of 0.043 ps/nm -km^and the loss at 
1 550nm can be approximately 0.6dB/km. The nonlinear coefficient can be y = 
9 W'km' 1 , or a factor of 4.5x higher than in DSF. The enhancement can be 
attributed to two factors: a smaller effective area and a higher germanium 

10 content. The effective area can be reduced to about Aar» 16.5 H m2 > or about a 
factor of 3.3 less than in DSF. Also, the nonlinear index of refraction is about 
1 .35x larger than in DSF due to the extra germanium used to increase Apeak 
from 1% in DSF to 2% for the high nonlinearity fiber. In addition the mode 
field diameter at 1550nm can be measured to be 4.67 |xm. 

1 5 For the gain fiber used in the Raman amplifier, a figure-of-merit for the 

fiber can be defined in some embodiments. A figure-of-merit that can be 
measured and indicate amplifier performance is the ratio of the Raman gain 
coefficient to the loss at the signal wavelength. The higher this figure-of-merit, 
the better the performance of the amplifier. This figure-of-merit for different 

* 1 * - ■ * .... t « 

20 fibers in some embodiments is provided in Table 1. In one embodiment the 
lowest figure-of-merit is found for standard (non-dispersion-shifted) SMF-28 
fiber. This fiber can have a low germanium content and a relatively large A e fr — 
86 ^im 2 . The figures-of-merit for the high-norilinearity (Hi-NL) fiber can 
exceed the other fibers, with a value about two-fold larger than Lucent True- 

25 wave fiber in one example. Although the DCF's can have a relatively large 
figure-of-merit for Raman amplification, they can have very large dispersion 
coefficients for S-band signals. 

Table 1. Comparison of Raman gain figure-of-merit for different fibers 
30 measured. 
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Fiber Type 


Gain {dBAV-kmJ 
@ 1500nm 


Loss [dB/km) 
@1500nm 


Figure-of-Merit 


Corning SMF-28 


2.2 


0.19 


11.6 


Lucent True-Wave 


3.3 


0.21 


15.7 


Corning SMF-DS 


4.0 


0.2 


20.0 


Coming DCF 


11.75 


0.445 


26.4 


Lucent DCF 


13.72 


0.5 


27.6 


Hi-NL 


1 8.0 


0.6 


30.0 



One embodiment with Hi-NL fiber has significant improvements in 
terms of fiber length and pump power used in a Raman amplifier. One 
embodiment has an amplifier made out of Lucent True- Wave fiber. The 
5 specifications for the unit can be: low dispersion around 1520nm, 15dB of peak 
gain, electrical and optical NF under 6dB* and multi-path interference (MPI) 
under 50dB. A two-stage design for the Raman amplifier can be used, as 
illustrated in Figure 24. In particular, 6krri of True- Wave fiber can be used in 
the first stage and 1 0-1 2km of fiber can be used in the second stage. The 

1 0 measured performance of the amplifier can be: peak gain of 1 5.2dB at 1 5 1 6nm, 
3dB bandwidth of 26nm (between 1503-1529nm), and electrical and optical 
noise figure under 6dB. For example, the gain versus wavelength and noise 
figure versus wavelength for the unit is illustrated in Figs. 25 and 26. This 
performance can have a pump power of about 1 .0 W at 1 42 1 nm. 
5 In one embodiment, the True- Wave fiber in this design is replaced with 

Hi-NL fiber. Reductions in fiber lengths and pump power requirements can be 
achieved. The Hi-NL fiber can meet the dispersion requirement in some 
embodiments. The DCF fibers can lead to the introduction of large amounts of 
dispersion Referring to the Table 1 comparison, the fiber lengths can be. 

20 chosen to keep roughly the same amount of net loss. In one embodiment, fiber 
lengths can be roughly 2km for the first stage and 3.3-4km for the second stage. 
Pump power requirements can be lowered by the ratio of figures-of-merit, or 
roughly to 0.5W. in various embodiments, this power range can be provided by 
the Raman oscillator, or by polarization and wavelength multiplexing 3-4 LD's 
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together. Hi-NL fiber can reduce the size of the amplifier as well as permit LD 
pumping in some embodiments. 

The fiber can have single-mode operation for the pump as well as the 
signal wavelengths in some embodiments. Cut-off wavelength A* of the fiber 
5 can be shorter than any of the pump wavelengths in some embodiments. The 

pump can be multi-mode, and noise can be introduced fromjthe beating between 
modes in other embodiments. 

Various embodiments have reduction of the Raman amplifier size and 
pump requirements while maintaining low net dispersion at the operating 
10 wavelenjgths, and include one or more of: 

(A) A Raman amplifier using a gain fiber characterized in that 

> nonlinear coefficient y > 3 W'km* 1 

> zero dispersion wavelength in the range of 1300 < \ Q < 1800nm, 
depending more precisely on the specifications 

15 > Loss over the operating wavelength of <2dB/km, with a 

preference for loss < IdB/km 

(B) A Raman amplifier using a dispersion managed gain fiber 
characterized in that 

> nonlinear coefficient Y > 3 W 1 km" 1 

20 . > ' dispersion management done using segments of fiber with zero 

dispersion wavelength in the range of 1 300 < < 1 800nm, 
depending more precisely on the specifications. Given an operating 
band, certain fiber segments have Xo less than the operating band and 
other fiber segments have A* greater than the operating band. The 

25 local dispersion can be kept high, while the path average dispersion 

can be close to zero in the signal band. 

> Loss over the operating wavelength of certainly < 2dB/kmrwith 
a preference for loss < IdB/km 

(C) Fibers as in (A) or (B) with cut-off wavelength shorter than any 
30 of the pump wavelengths. 

(D) A Raman amplifier as described in (A) that is pumped by LD's. 
For two or more LD's, the power can be combined by using 
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polarization and wavelength multiplexing using polarization beam 
combiners and wavelength-division-multiplexers. 

(E) A Raman amplifier as in (B) thait is pumped by LD's. For two or 
more LD's, the power can be combined by using polarization and 

5 wavelength multiplexing using polarization beam combiners and 

wavelength-division-multiplexers. ' 'i_ - 

(F) At least a two-stage Raman amplifier that uses the improvements in 
(A),(B),(C),(D) or (E). 

(G) Other factors as above with different numerical ranges 

One technology for U-D WDM systems can be the use of hybrid 
amplifiers, which comprise a discrete amplifier along with a DRA, to avoid 
nonlihear interactions between channels. The DRA can operate over 80 + nm of 
bandwidth in some embodiments, which can be achieved by pump pre^emphasis 
1 5 and spectral evolution along the fiber length in some embodiments. If channel 
spacing of 10GHz is used, for example, this can yteld 1000 + wavelengths: 

10 GHz channel spacing = ~0.08nm/channel 
overall bandwidth = ~80 + nm 

# channels = [ 80^nm ] / [0.08nm/ch] = 1000 + channels 
20 If the bit-rate per channel is 2.5Gb/s, then the capacity of the fiber can be 

bandwidth capacity = 1 000 + channels x 2.5Gb/s-ch = 2.5* Tb/s. 
For maximum reach, the 80 + nm system bandwidth can coincide with the 
minimum loss region in the fiber in some embodiments. For example, the C 
and L^bands can be used between -1530- 161 Onm. The hybrid amplifier can use 
25 discrete EDFA's and DRA's in some embodiments. 

Another technology is an ultra-broadband source that can be carved with 
filters to yield a large number of channels. Embodiments of ultra-broadband 
sources include continuum generation in fibers, shorVpulse modelocked lasers, 
ASE sources, and superluminescent diodes. Carving of the broadband source 
30 using filters can be easier since the periodicity of the passive filters can set the 

channel spacing. When the channel spacing is less than 25GHz, an embodiment 
includes complicated stabilization circuitry to set the wavelengths of individual 
LD's. 

30 
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Another technology for l OOO" 1 " wavelength systems is the periodic filter 
technology. Various embodiments include , syavelength-grating routers or array 
waveguide (AWG) filters. An A WG comprises two star couplers and a Mach- 
Zehnder interferometer based grating in one embodiment. A large number of 
5 wavelength channels of uniform channel spacing can be multiplexed through a 
Mach-Zehnder interferometer. AWG's can have 50 and 25GHz spacing. Other 
embodiments can include highTContrast channel spacing approaching 10GHz. 

As Figure 28(b) shows, residual fiber nonlinearities can remain 
depending on the power level. Some embodiments have nonlinear control or 

10 compensation. Raman gain tilt can be compensated various gain equalization 
schemes. In various embodiments, these schenries equalize the tilt of the 
amplifier, and compensate for a combination of the amplifier tilt and the Raman 
gain tilt. With channel power pre-emphasis at the input in some embodiments, 
after propagation through the fiber system the channel energies equalize. To 

15 , compensate for four- wave-mixing penalty, multiple embodiments, can be used. • 
Dispersion-managed fibers can be used, for example where the dispersion has a 
locally high value but a low path-averaged value. In other embodiments, every 
third channel can be skipped. When two adjacent channels beat through four- 
wave-mixing, they give rise to sidebands at the two surrounding channels. By 

20 skipping every third channel, the penalty from four- wave-mixing cross-talk can 
be reduced (see Figure 29). 

The challenges of 1 000 + wavelength systems can be met with a 
combination of one or more technologies (Figure 30). Hybrid amplifiers, using 
discrete amplifiers plus DRA's, can be used to lower the signal channel power 

25 in some embodiments. The discrete amplifiers can be spaced at 8Q-100km, 

although some embodiments can have spacing of 30-50km. The DRA can use 
pump pre-emphasis to a desired bandwidth of 80 + nm in some embodiments. 
Various embodiments use discrete LD's, or can comprise one or more 
broadband light sources, which are then carved using passive periodic filters. A 

30 much tighter channel spacing, below 25GHz and preferably 10GHz, can be 

achieved in some embodiments. Some embodiments have dense channel filter 
technology such as AWG filters. Nonlinear control in some embodiments can 
compensate for fiber nonlinearity. To overcome the Raman gain tilt, gain tilt 
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adjustment or signal power pre-emphasis can be used in some embodiments. 
To control four-wave-mixing, dispersion management or skippingxvery third 
channel can be used in other embodiments. 

The wavelength range where hybrid amplifiers with DRA's are to be 
5 used, can be considered to facilitate future upgrades in bandwidth. DRA's used 
in the C-band (1530-1 565nm) or L-band (1570-161 Onm) can restrict opening up 
the S-band (1480-1 530nm) or S + band (1430-1480nm). DRA's can use pump 
bands that are 1 3.2THz, or about lOOnm, shorter in wavelength than the signal 

i 

band. For the C- or L-bands, DRA's can have pumps that lie in the wavelength 

10 range between 1430- 151 Onm. The pump bands can be at a shorter wavelength, 
than any signal band. The pump might deplete energy from the signal channels 
through the Raman process. ; / } , 

In embodiments where fiber bandwidth exceeds 1 OOnm, DRA can be 
inconsistent with further band expansion. For example, DRA's for C- and L- 

1 5 bands can prevent using the S- and S + -bands in the fiber in some embodiments. , 
The pumps for DRA can lie at shorter wavelength than any signal band. To 
maximize the capacity of the fiber in some embodiments DRA's can be used at 
the shortest bands to be used in the fiber. 

DRA's can be useful when the fiber loss increases in some 

20 embodiments. For example, when the fiber loss increases >Q.03dB/km from the 
minimum loss (i.e., for an 80km link that would mean an additional loss of 
2.4dB), then the span design can be more difficult in some embodiments. The 
higher loss means that higher gain can be used for a fixed amplifier spacing, 
which can mean that more noise can be introduced. In turn, this can mean that 

25 the signal power can be increased or the bit-rate reduced to maintain the overall 
SNR. If hybrid amplifiers can be used in these higher loss windows, the 
improved NF can be used to offset the drawbacks from the higher loss. 

Figure 31 shows the loss coefficient (in dB/km) for three generations of 
fibers. The loss above 1 600 nm can be due to infrared absorption, while the 

30 gradual increase in loss below 1550nm can be due to Rayleigh scattering. The 
peak near 1390nm can result from water absorption of OH bonds. With some 
newer fibers, the fibers can be dried better, so the water peak can be reduced. 
Also represented in Figure 31 are different bands. The C- and L-bands can 
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stretch from approximately 1530-1610nm, the S-band from 1480-1530nm, and 
the S + band from 143(M480nm. 

For some embodiments of fiber types, the loss in the S-band can be lower or 
equal to the loss in the C- and L-bands. Since these three bands can be the 
5 lowest loss bands, discrete amplifiers can be used in these bands in some 
embodiments. For example, the C- and L-bands can use discrete EDFA's, 
while the S-band can use Raman amplifiers. 

In the S* band and shorter (i.e., wavelengths shorter than 1 480nm), the 
loss can rise above the loss in the C- and L-bands due to Rayleigh scattering and 

10 the water absorption. The S + band and shorter wavelengths can advantageously 
use DRA's in some embodiments. Since these bands can be on the shortest 
wavelength side, DRA's may not block further expansion of the bands in some 
embodiments. The loss in the shorter wavelengths can be too high for these 
wavelengths to be used in long-haul communications in some embodiments. 

15 Also, for some embodiments with DRA's used in the wavelength range just 
beyond the water absorption peak (i.e., wavelengths between 1430-1480nm), 
the pumps can be at wavelengths approximately 1 340-1 380nm, just below the 
water peak. 

Figures 32(a), 32(b), 33(a) and 33(b) illustrate various embodiments 
20 with an amplifier module incorporated into a broadband transmission system 
that operates in multiple wavelength bands. Discrete amplifiers can be used in 
the C, L, S bands, and combinations thereof. A distributed Raman amplifier or 
hybrid amplifier can be used for the S+ band. 

In Figures 32(a) and 32(b) a pump is introduced in parallel with these 
25 discrete amplifiers to implement various embodiments of a distributed Raman 
amplifier in the S+ band. In Figure 32(a) a single WDM is used to split up the 
multiple bands while in Figure 32(b) a serial combination of WDM's is used to 
split and combine the bands. 

In Figures 33(a) and 33(b) a pump is introduced in parallel with these 
30 discrete amplifiers to implement embodiments of a hybrid Raman amplifier in 
the S+ band. In Figure 33(a) a single WDM is used to split up the multiple 
bands while in Figure 33(b) a serial combination of WDM's is used to split and 
combine the bands. 
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In another embodiment, a broadband fiber transmission system is 
provided with low noise hybrid optical amplifiers to compensate for loss at 
wavelength of 1480 nm or less or that have a fiber loss of 0.03 dB/km or more 
above the minimum loss of the fiber. One embodiment provides a broadband 

5 fiber transmission system with low noise distributed optical amplifiers to 

« -* * > 

compensate for loss at wavelength of 1480 nm or less or that have a fiber loss of 

* T * ' ^^^^ 

0.03 dB/km or more above the minimum loss of the fiber. Additionally, another 
embodiment is a broadband fiber transmission system with low noise discrete 
optical amplifiers to compensate for loss at wavelength of 1480 nm or less or 

.'•< . . ■ - ' j ■'*.;■■'■■•■•■ " , • . ii •■s" ■ 

10 that have a fiber loss of 0.03 dB/km or more above the minimum loss of the 

fiber. A further embodiment is a broadband fiber transmission system with low 
noise hybrid optical amplifiers to compensate for loss at wavelengths of 1400 to 
1480 nm. 

DRA's can improve the NF of an optical amplifier in some 
1 5 embodiments. For maximum fiber capacity, hybrid amplifiers can be used in 
the shortest wavelength bands in some embodiments, where the fiber loss is 
rising. For example, at wavelengths shorter than 1480nm where the loss is at 
least 0.03dB/km higher than at the loss minimum, hybrid amplifiers can be 
valuable. Discrete amplifiers in the C-, L- and S-bands and hybrid amplifiers in 
20 the S+ or shorter wavelength bands, can expand the fiber bandwidth beyond 
120nm. 

Some embodiments include standard dispersion fiber, i.e., fibers with 
zero dispersion wavelength around 1310nm. The zero dispersion wavelength 
can fall in the S- or S + -bands in some embodiments. For example, this is true 

25 for so-called non-zero-dispersion-shifted fiber (NZ-DSF). In these fibers, it can 
be difficult to run multi-wavelength WDM channels due to cross-talk from four- 
wave mixing. Four- wave-mixing can require phase matching, and the phase 
matching can be easier to satisfy in the neighborhood of the zero dispersion 
wavelength. One embodiment is a broadband fiber transmission system with 

30 non-zero dispersion fiber that has zero dispersion wavelengths less than 1 540 
nm or greater than 1560 nm that uses optical amplifiers to compensate for loss. 

WDM can maximize capacity in any given band in some embodiments. 
Hybrid amplifiers can be usefiil in the vicinity of the zero dispersion wavelength 
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in some embodiments. NZ-DSF fibers can have a zero dispersion wavelength 
either 

< 1 540nm or > 1 560nm in some embodiments. For operation near the zero 
dispersion wavelength, e.g., \X - A«>| < 25nm, the four-wave-mixing penalty can 

5 be avoided by using hybrid optical amplifiers in one embodiment. Since the 
effective NF of hybrid amplifiers can be lower than for discrete amplifiers, the 
power levels for the signals can be reduced to the point that four-wave-mixing 
can no longer be a limitation, in another embodiment. 

DRA's can address noise figure problems. For example, loss at input 

1 0 degrades the NF of amplifiers. Counter-propagating DRA in one embodiment 
has low gain at the input, as shown in Figure 34(a), a graph of gain versus 
length for an amplifier. NF can be improved by raising gain at beginning in 
some embodiments, as shown in Figure 34(b), another graph of gain versus 
length for an amplifier. A counter-propagating pump can isolate pump 

1 5 fluctuations from the signal in some embodiments. 

..... '-. • - ,* r. • . ........ . • 

Figure 35 is a schematic diagram of an embodiment of an improved 
noise figure (NF) Raman amplifier. A WDM 3560 has a signal input port 3500 
and is coupled to a co-propagating pump 3540. Distributed or Raman gain fiber 
3510 couples the WDM 3560 and a WDM 35701 the WDM 3570 has a signal 
20 output port 3520 and is coupled to a counter-propagating pump 3550. The 

counter-propagating pump frequency can be 1 Raman order (-13.2 THz) higher 

»* * 

than the signal frequency in some embodiments, which can maximize the 
counter-propagating pump to signal gain. The co-propagating pump frequency 
can be 2 Raman orders (-26.4 THz) higher than the signal frequency, which can 

25 maximize the co-propagating to counter-propagating pump gain in some 
embodiments, and minimizes co-propagating pump to signal gain. 

Figure 36 is a schematic diagram of an embodiment of a DRA, such as 
for verification. A WDM 3630 has a signal input port 3600 and is coupled to 
3640, an exemplary Yb fiber laser pumping a cascaded Raman wavelength 

30 shifter with output at 131 1 nm. A 72km Lucent true wave fiber 3610 couples 
the WDM 3630 and a WDM 3650. The WDM 3650 has a signal output port 
3620 and a polarization beam combiner 3660. The combiner 3660 is coupled 
by gratings 3675 and 3685 to 1395 nm laser diodes 3670 and 3680. In 
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experiment 1, both 1395 nm laser diodes are on (290 mW launched), and the 
1311 nm pump is off (differential gain = 10.5 dB @ 1490 nm). In experiment 
2, one 1395 nm laser diode is on (145 mW launched), and the 131 1 nm pump 
power is set so that the differential gain is 1 0*5 dB. 

Figures 37 and 38 are graphs of optical noise figure, such as for the 
embodiment of Fig. 36. Fig. 37 shows the results of experiment 2 versus 
experiment 1 , in terms of relative optical noise figure (dB) versus signal 
wavelength (nm). Fig. 38 shows optical noise figure (dB) versus signal 
wavelength (nm) for multiple cases: 3810 ONF (1311 nm and 1395 nm Pumps); 
3820 ONF (1395 nm Pumps Only); and 3830 Fiber + WDM Loss (for 
reference), * , 

Other experimental results were that the Electrical Noise Figure (ENF) 
matched the ONF for the 1395 nm counter-propagatingpump case; when the 
co-propagating 131 1 nm pump was added, the ENF was observed to be 10 dB 
above the ONF for 1490 nm signals (at measured noise frequencies >150 MHz). 
The 1311 nm pump noise was about 50 dB above shot noise when attenuated to 
0.6 mW. A direct transfer of this noise level to the signal would have resulted 
in an ENF of about 36 dB above the ONF - hence, about 26dB isolation by 
using a dual pumping scheme. Relatively weak co-propagating signal gain and 
pump-signal walk-off can greatly reduce the magnitude of pump-noise to 
signal-noise coupling in some embodiments. 

NF of DRA can be improved; an improved system noise figure of over 5 
dB ONF improvement can be demonstrated at the Raman gain peak of the 1395 
nm counter-propagating pumps (about 1486 nm) in some embodiments. 
Distributed or discrete Raman amplifiers can be enhanced. Co-propagating 
pump noise can be greatly suppressed. About 26dB isolation from co-prop 
pump can be demonstrated in one embodiment. Signal gain can come from the 
counter-propagating pump. A large co-propagating pump and signal 
wavelength separation (about 2 Raman orders) can lead to substantial pump- 
signal walk off in some embodiments. The noise figure improvement at C and 
L-Band wavelengths can be measured, and the performance of other distributed 
fiber types evaluated. 
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Figure 39 is a schematic diagram of an embodiment of a tri-band DRA 
3900. A fiber span 3996 is coupled to a WDM 3980 and a WDM 3990. The 
WDM 3980 has G and L band input 3982 and S band output 3984. The WDM 
3990 has C and L band output 3992 and S band input 3994. The WDM 3980 is 
5 coupled to a WDM 3970. The WDM 3970 is coupled to a PBC 3960 and a 
PBC 3962. The WDM 3990 is coupled to a PBC 3964. The PBC 3960 is 
coupled to 1396nm laser diode 3902 via Bragg grating 3922 and isolator 3940, 
and to 1396nm laser diode 3904 via Bragg grating 3924 and isolator 3942. The 
PBC 3962 is coupled to 1421nni laser diode 3906 via Bragg grating 3926 and 

10 isolator 3944, and to 1421nm laser diode 3908 via Bragg grating 3928 and 

isolator 3946. The PBC 3964 is coupled to 1480nm laser diode 3910 via Bragg 
grating 3930 and isolator 3948, and to 1480nm laser diode 3912 via Bragg 
grating 3932 and isolator 3950. 

One or more of the following can characterize some embodiments of tri- 

1 5 band DRAs: over 1 00 nm of bandwidth covering the S,C, and L bands; using 

both fiber ends to reduces pump interaction for relative ease in maintaining gain 
flatness with varying signal power; improved optical noise figure of about 3 dB 
over single ended DRA designs, as Raman gain extends from both fiber ends 
instead of just one; 

20 signal gain provided by counter-propagating pumps for each band, reducing 

requirements on pump laser amplitude noise to achieve an electrical noise figure 
of about the Optical noise figure; and a large walk-off of the C and L band co- 
propagating gain. 

One embodiment of a Raman amplifier assembly comprises a Raman 
25 amplifier, a pump source, and a second pump source. The Raman amplifier can 
be configured to receive a signal of at least one wavelength from a signal 
source. The signal can travel in an upstream direction in the Raman amplifier. 
The Raman amplifier can be a distributed Raman amplifier. The distributed 
Raman amplifier can include a signal transmission line. At least a portion of the 
30 signal transmission line can incorporate a distributed gain medium. The Raman 
amplifier can be a discrete Raman amplifier that includes a distributed gain 
medium. The distributed gain medium can be coupled to a signal transmission 
line. The first pump source can be coupled to the Raman amplifier. The first 
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pump source can be a laser diode source, or include a plurality of laser diodes. 
The first pump source can produce an output in the range of 1380 to 1530 nm, 
or in the range of 1450 to 1480 nm. The first pump source can produce a first 
purnp beam. The first pump beam can travel in a downstream direction and can 
5 counter-propagate relative to the signal. The second pump source can be 

coupled to the Raman amplifier. The second pump source can be a laser diode 
source, or include a plurality of laser diodes. The second pump source can 
produce an output in the range of 1 300 to 1430 nm, or in the range of 1365 to 
1390 nm. The second pump source can produce a second pump beam. The 

1 0 second pump beam can pump the first pump beam. At least one wavelength of 
the second pump beam can be shorter than at least one wavelength of the first 
pump beam. The second pump beam can provide more gain to the first pump 
beam than to the signal. The second pump beam can travel in the upstream 
direction. The second pump source can have an average relative intensity noise 

1 5 of less than -80 dB/Hz. Exemplary ranges for average relative intensity noise of 
less than -80 dB/Hz can be 1-1 0 GHz. Other embodiments of the second pump 
source can have average relative intensity noise from 1 00 MHz to 1 GHz less 
than -90 dB/Hz, or from 0-1 00 MHz less than -100 dB/Hz. Various 
embodiments can comprise a WDM coupled to the Raman amplifier. The 

20 WDM can be coupled to the first pump source and/or the second pump source. 

Various embodiments comprise a polarization beam combiner. The polarization 
beam combiner can be coupled to the plurality of laser diodes. 

One embodiment of a multi-stage Raman amplifier apparatus comprises 
a first Raman amplifier, a first pump source, a second pump source, a second 

25 Raman amplifier, and a third pump source. The first Raman amplifier can be a 
low-noise preamplifier. The first Raman amplifier can be configured to receive 
a signal of at least one wavelength from a signal source. The signal can travel 
in an upstream direction in the first Raman amplifier. The second Raman 
amplifier can be a power amplifier. The first pump source can be coupled to the 

30 first Raman amplifier. The first pump source can produce a first pump beam. 
The first pump beam can travel in a downstream direction that is counter- 
propagating relative to the signal. The second pump source can be coupled to 
the first Raman amplifier. The second pump source can have an average 

38 



rikinnrvMn. 



WO 01/052372 



PCT/US01/00943 



relative intensity noise of, for example, less than -80 dB/Hz, less than -90 
dB/Hz, or less than -1 OOdB/Hz. Exemplary ranges for average relative intensity 
noise of less than -80 dB/Hz can be from 1 - 1 0 GHz. Exemplary ranges for 
average relative intensity noise of less than -90 dB/Hz can be from 1 00, MHz to 
5 1 GHz- Exemplary ranges for average relative intensity noise of less than - 1 00 
dB/Hz can be from 0- 1 00 MHz. The second pump source can produce a second 
pump beam; The second pump beam can travel in the upstream direction. The 
second pump beam can pump the first pump beam. The , third pump source can 
be coupled to the second Raman amplifier. The third pump source can produce 

10 athird pump beam. The third pump beam can travel in the downstream 

direction, various embodiments can comprise a fourth pump source. The fourth 
pump source can be coupled to the second Raman amplifier. The fourth, pump 
source can produce a fourth pump beam that travels in the upstream direction. 
Various embodiments can comprise.an isolator. The isolator can be coupled to 

15 the second Raman amplifier. The isolator can be positioned between the first 

arid second Raman amplifiers. An embodiment may comprise a second isolator 
coupled to a pump shunt. Various embodiments can comprise a pump shunt 
coupled to the first and second Raman amplifiers. 

One embodiment of a Raman amplifier assembly comprises an optical 

20 transmission line, a first pump source, and a second pump source. The optical 
transmission line includes a first port and a second port. At least a portion of 
the optical transmission line can produce Raman gain. A length of the optical 
transmission line can be at least 40 kilometers, or at least 80 kilometers. The 
first pump source can be a laser diode source. The first pump source can 

25 produce a first pump beam. The first pump beam can be in the wavelength 

range of 1430 to 1 530 nm, or in the range of 1450 to 1510 nm. The first pump 
beam can provide gain to at least a portion of the second signal of multiple 
wavelengths. The first pump beam can extract optical energy from the second 
pump beam. The first pump beam and a first signal of multiple wavelengths 

30 can enter the first port and can travel in a downstream direction from the first 
port to the second port. The first signal of multiple wavelengths can be in the 
range of 1430 to 1530 nm, or in the range of 1480 to 1530 nm. The second 
pump source can be a laser diode source. The second pump source can produce 
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a second pump beam. The second pump beam can be in the wavelength range 
of 1350 to 1480 nm, or in the range of 1380 to 1440 nm. The second pump 
beam and a second signal of multiple wavelengths can enter the second port and 
can travel in an upstream direction from the second port to the first port. The 
5 second signal of multiple wavelengths can be in the range of 1 525 to 1 630 nm, 
or in the range of 1525 to. 1610 nm. At least a portion of the second pump beam 
can pump the first pump beam. At least a portion of the first signal of multiple 
wavelengths can have shorter wavelengths than/the second signal of multiple 
wavelengths. Various embodiments can comprise a first WDM and a second 

10 WDM. The first WDM can be coupled to the first port. The second WDM can 
be coupled to the second port. Various? embodiments further comprise at least a 
first polarization beam combiner and a second polarization beam combiner. 
The first polarization beam combiner can be coupled to the first WDM. The 
second polarization beam combiner can be coupled to the second WDM. 

15 One embodiment of a Raman amplifier assembly can comprise a Raman 

amplifier, a first pump source, and a second pump source. The Raman amplifier 
can be configured to receive a signal of at least one wavelength from a signal 
source. The signal can travel in an upstream direction in the Raman amplifier. 
The Raman amplifier can be a distributed Raman amplifier. The distributed 

20 Raman amplifier can include a signal transmission line. At least a portion of the 
signal transmission line pan incorporate a distributed gain medium. The Raman 
amplifier can be a discrete Raman amplifier. The discrete Raman amplifier can 
include a distributed gain medium. The distributed gain medium can be 
coupled to a signal transmission line. The first pump source can be a laser 

25 diode source. The first pump source; can be coupled to the Raman amplifier. 

The first pump source can produce a first pump beam. The first pump beam can 
travel in a downstream direction and can counter-propagate relative to the 
signal. The second pump source can be a laser diode source. The second pump 
source can be coupled to the Raman amplifier. The second pump source can 

30 produce a second pump beam. The second pump beam can pump the first pump 
beam. The second pump beam can provide more gain to the first pump beam 
than to the signal. The second pump beam can travel in the upstream direction. 
The wavelengths of the second pump beam can have one or more relationships 
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with the wavelengths of the first pump beam, such as being at least 20 nm 
shorter, at least 40 nm shorter, no more than 120 nm shorter, and/or no more 
than 1 00 nm shorter. The second pump source can have an average relative 
intensity noise of, for example, less than -80 dB/Hz, less than -90 dB/Hz, or less 
5 than - 1 00 dB/Hz. The average relative intensity noise from 1 - 1 0 GHz can be 
less than -80 dB/Hz. TTie average relative intensity ooise from 100 MHz to 
1GHz can be less than ^90 dB/Hz. The average relative intensity noise from 0- 
1 00 MHz can be less than -1 00 dB/Hz. The second pump beam can have at 
least one wavelength that is shorter than at least one wavelength of the first 

10 pump beam. 

One embodiment of a method of broadband amplification comprises 
providing a Raman amplifier assembly including an optical transmission line 
with a first port and a second port, at least a portion of the optical transmission 
line producing Raman gain; pumping the Raman amplifier assembly with at 

15 least a first pump beam and a second pump beam, at least a portion of the 

second pump beam pumping the first pump beam; introducing a first signal of 
multiple wavelengths into the first port and a second signal of multiple 
wavelengths into the second port; and amplifying the first and second signals of 
multiple wavelengths. At least a portion of the first signal of multiple 

20 wavelengths can have shorter wavelengths than the second signal of multiple 
wavelengths. The first pump beam and the first signal of multiple wavelengths 
can enter the first port and can travel in a downstream direction from the first 
port to the second port. The second pump beam and the second signal of 

, multiple wavelengths can enter the second port and can travel in an upstream 

25 direction from the second port to the first port. The first pump beam can be in 
the wavelength range of 1430 to 1530 nm, or 1450 to 1510 nm,'and the second 
pump beam can be in the wavelength range of 1350 to 1480 nm, or 1380 to 
1440 nm. The first signal of multiple wavelengths can be in the range of 1430 
to 1530 nm, or 1480 to 1530 nm, and the second signal of multiple wavelengths 

30 can be in the range of 1525 to 1630 nm, or 1525 to 1610 nm. 

One embodiment of a method of broadband amplification comprises 
providing a first pump source, a second pump source with an average relative 
intensity noise of less than -80 dB/Hz and a Raman amplifier assembly 
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including an optical transmission line with a first port and a second port, at least 
a portion of the optical transmission line producing Raman gain; pumping the 
Raman amplifier assembly at the first port with at least a first pump beam and at 
the second port with a second pump beam, the second pump beam having at 
5 least one wavelength that is shorter than at least one wavelength of the first 
pump beam; introducing a signal of one or more wavelengths into the second 
port; and amplifying the signal. At least a portion of the second pump beam can 
pump the first pump beam. The first pump beam can be in the wavelength 
range of 1430 to 1 530 nm, or 1450 to 1510 nm, and the second pump beam can 

10 be in the wavelength range of 1350 to 1480 nm, or 1380 to 1440 nm. 

One embodiment of a Raman amplifier assembly can comprise a Raman 
amplifier, a first pump source, and a second pump source. The Raman amplifier 
can be configured to receive a signal of at least one wavelength from a signal 
source. The signal can travel in an upstream direction in the Raman amplifier. 

1 5 Polarization dependence of a signal gain of the signal can be less than 2 dB. 

The first pump source can be depolarized by polarization scrambling. The first 
pump source can be depolarized by polarization multiplexing of at least two 
pump sources. The first pump source can be coupled to the Raman amplifier. 
The first pump source can produce a first pump beam that can travel in a 

20 downstream direction and can counter-propagate relative to the signal. The first 
pump source can be substantially depolarized. The second pump source can be 
coupled to the Raman amplifier. The second pump source can be substantially 
depolarized. The second pump source can produce a second pump beam that 
travels in the upstream direction and can pump the first pump beam. The 

25 second pump beam can provide at least 5% of the gain to at least a portion of 
the signal, at least 5% of the gain to a majority of wavelengths of the signal, at 
least 10% of the gain to a majority of wavelengths of the signal, and/or at least 
50% of the gain to at least a portion of the signal. 

While embodiments of the invention have been illustrated and described, 

30 it is not intended that these embodiments illustrate and describe all possible 
forms of the invention. A signal may comprise one or more signals. In one 
embodiment, each of the one or more signals may be characterized by a 
wavelength or wavelength range distinct from other signal wavelengths or other 
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signal wavelength ranges, such as in wavelength division multiplexing. A 
signal traveling in a direction, such as downstream or upstream, includes a 
signal traveling substantially in the direction, and/or where a majority of the 
power of the signal is initially traveling in the direction. and/or traveling in the 
5 direction. A signal traveling in a direction, such as upstream or downstream, 

may be accompanied by a scattered beam traveling in another direction, such as 
the opposite direction, due to linear and/or nonlinear mechanisms such as 
Rayleigh scattering and/or Brillouin scattering. Rather, the words used in the 
specification are words of description rather than limitation, and it is understood 
10 that various changes may be made without departing from the spirit and scope 
of the invention. 
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CLAIMS 

1 . A Raman amplifier assembly, comprising: 
a Raman amplifier configured to receive a signal of at least one 
wavelength from a signal source with the signal traveling in an upstream 
5 direction in the Raman amplifier; 

a first pump source coupled to the Raman amplifier producing a first 
pump beam that travels in a downstream direction and is counter-propagating 
relative to the signal; and 

a second pump source coupled to the Raman amplifier producing a 
1 0 second pump beam that travels in the upstream direction, the second pump 
source having an average relative intensity noise Of less than -80 dB/Hz. 

: * . . . . - * * -.' *', 

2. The assembly of claim 1, wherein the second pump beam pumps 
the first pump beam. 

' V" ■ i - > 

3. The assembly of claim 1, wherein the average relative intensity 
1 5 noise from 1-10 GHz is less than -80 dB/Hz. 

4. The assembly of claim 1, wherein the average relative intensity 
noise from 1 00 MHz to 1 GHz is less than -90 dB/Hz. 

5. The assembly of claim 1, wherein the average relative intensity 
noise from 0-1 00 MHz is less than -1 00 dB/Hz. 

20 6. The assembly of claim 1 , wherein the second pump beam 

provides more gain to the first pump beam than to the signal. 

7. The assembly of claim 1 , wherein at least one wavelength of the 
second pump beam is shorter than at least one wavelength of the first pump 
beam. 

25 8. The assembly of claim 1, wherein the first and second pump 

sources are laser diode sources. 

9. The assembly of claim 1 , wherein the Raman amplifier is a 
distributed Raman amplifier that includes a signal transmission line, wherein at 
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least a portion of the signal transmission line incorporates therein a distributed 

gain medium. 

. '""'*.. ... 
10. The assembly of claim 1, wherein the Raman amplifier is a 

discrete Raman amplifier that includes a distributed gain medium that is 

5 coupled to a signal transmission line. 



11. The assembly of claim 1, further comprising: ^ , / 

a WDM coupled to the Raman amplifier and the first pump source, the 

first pump source including' a plurality of laser diodes. 

■ - ...... 

12; The assembly of claim 1, forther comprising: 
10 a WDM coupled to the Raman amplifier and the second pump source, 

the second pump source including a plurality of laser diodes. 

13. The assembly of claim 1 1 , further comprising a polarization 
beam combiner coupled to the plurality of laser diodes. 

' ■ • ■ 

14. The assembly of claim 12, further comprising a polarization 

i 

1 5 beam coriibiner coupled to the plurality of laser diodes. 

1 5 . The assembly of claim 1, wherein the second pump source 
produces an output in the raiige of 1 300 to 1 430 nm. 

1 6. The assembly of claim 1, wherein the second pump source 

produces an output in the range of 1365 to 1390 nm. 

" • • ■ ■ 

20 1 7. The assembly of claim 1 , wherein the first pump source produces 

an output in the range of 1 380 to 1 530 nm. 

r f 

1 8. The assembly of claim 1 , wherein the first pump source produces 
an output in the range of 1450 to 1480 nm. 

19. A multi-stage Raman amplifier apparatus, comprising: 

25 a first Raman amplifier configured to receive a signal of at least one 

wavelength from a signal source with the signal traveling in an upstream 
direction in the first Raman amplifier; 
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a first pump source coupled to the first Raman amplifier producing a 
first pump beam in a downstream direction that is counter-propagating relative 
to the signal; 

a second pump source coupled to the first Raman amplifier producing a 
5 second pump beam that travels in the upstream direction; 

a second Raman amplifier; and 

a third pump source coupled to the second Raman amplifier producing a 
third pump beam traveling in the downstream direction. 

20. The assembly of claim 19, wherein the second pump beam 
10 pumps the first pump beam. , 

■ ■ ■ ■ • • ■': > • • . ■ ■ ■. - ■ • • « ? i < i { f ■ * • . ' 

21. The assembly of claim 1 9, wherein the second pump source has 
an average relative intensity noise of less than -80 dB/Hz. 

. ■ . . . ? 

15 22. The assembly of claim 21, wherein the average relative intensity 

noise from 1-10 GHz is less than -80 dB/Hz. 

..*■""' ' ■ • • * * ■ >•'-'{ ' ■' 

23. The assembly of claim 2 1 , wherein the average relative intensity 
noise from 100 MHz to 1GHz is less than -90 dB/Hz. 

24 The assembly of claim 21, wherein the average relative intensity 
20 noise from 0-1 00 MHz is less than -1 00 dB/Hz. 

25. The apparatus of claim 19, further comprising: 

a fourth pump source coupled to the second Raman zimplifier producing 
a fourth pump beam that travels in the upstream direction. 

26. The apparatus of claim 19, further comprising: 
25 an isolator coupled to the second Raman amplifier. 

27. The apparatus of claim 19, wherein the first Raman amplifier is a 
low-noise preamplifier and the second Raman amplifier is a power amplifier. 

■ ► . * 

28. The apparatus of claim 19, further comprising: 

a pump shunt coupled to the first and second Raman amplifiers. 
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29. The apparatus of claim 19, further comprising: 

a first isolator positioned between the first and second Raman 
amplifiers. 

30. The apparatus of claim 29, further comprising: 
5 a second isolator coupled to the pump shunt. 

31. A Raman amplifier assembly, comprising: 

an optical transmission line including a first port and a second port, at 
least a portion of the optical transmission' line producing Raman gain; 

a first pump source producing a first pump beam, the first pump beam 
10 and a first signal of multiple wavelengths entering the first port and traveling in 
a downstream direction from the first port to the second port; and 

a second pump source producing a second pump beam, the second pump 
beam and a second signal of multiple wavelengths entering the second port and 
traveling in an upstream direction from the second port to the first port, wherein 
1 5 at least a portion of the second pump beam pumps the first pump beam, and at 
least a portion of the first signal of multiple wavelengths has shorter 
wavelengths than the second signal of multiple wavelengths. 

32. The assembly of claim 3 1 , further comprising: 
a first WDM coupled to the first port; and 

20 a second WDM coupled to the second port. 

33. The assembly of claim 3 1 , wherein the first pump beam is in the 
wavelength range of 1430 to 1530 nm and the second pump beam is in the 
wavelength range of 1350 to 1480 nm. 

34. The assembly of claim 3 1 , wherein the first pump beam is in the 
25 wavelength range of 1450 to 1510 nm and the second pump beam is in the 

wavelength range of 1380 to 1440 nm. 

35. The assembly of claim 3 1 , wherein the first signal of multiple 
wavelengths is in the range of 1430 to 1530 nm and the second signal of 
multiple wavelengths is in the range of 1 525 to 1630 nm. 
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36. The assembly of claim 31, wherein the first signal of multiple 
wavelengths is in the range of 1 480 to 1 530 nm and the second signal of 

multiple wavelengths is in the range of 1525 to 1610 nm. 

• . * ■ . . ' ' 

37. The apparatus of claim 3 1 , wherein the first pump beam provides 
5 gain to at least a portion of the second signal of multiple wavelengths and 

extracts optical energy from the second pump beam. " ~~ 

■ i V ' ; • - . \ . > * 

• ■ . .1 _ t . . & $ * * 

38. The apparatus of claim 3 1 , wherein a length of the optical 
transmission line is at least 40 kilometers. 

39. The apparatus of claim 3 1 , wherein a length of the optical 
1 0 transmission line is at least 80 kilometers. 

■ ' '. . ■ ! . " I ■" p 

■ « . . •' ' 

40. The apparatus of claim 32, further comprising: 

at least a first polarization beam combiner coupled to the first WDM and 

* * 1 t. ■ * * / - ' i ■. ■ * ■ " . 

*•*••* .... - . . ' . . . -i j 

a second polarization beam combiner coupled to the second WDM. 

- * .-**"« s ' " ■ < 

15 41 . The apparatus of claim 3 1 , wherein the first and second pump 

sources are laser diode sources. 

42. A Raman amplifier assembly, comprising: 
a Raman amplifier configured to receive a signal of at least one 
■« wavelength from a signal source with the signal traveling in an upstream 
20 • direction in the Raman amplifier; 

a first pump source coupled to the Raman amplifier producing a first 
pump beam that travels in a downstream direction and is counter-propagating 
relative to the signal; arid 

a second pump sourcb coupled to the Raman amplifier producing a 
25 second pump beam that travels in the upstream direction, .the second pump 
source having an average relative intensity noise of less than -80 dB/Hz., 
wherein the second pump beam has at least one wavelength that is shorter than 
at least one wavelength of the first pump beam. 
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43. The assembly of claim 42, wherein the second pump beam 
pumps the first piimp beam. 

44. The assembly of claim 42, wherein the average relative intensity 
noise from 1-10 GHz is less than— 80 dB/Hz.. 

5 45. The assembly of claim 42, wherein the average relative intensity 

noise from 100 MHz to 1GHz is less than -90 dB/Hz. 

y 

.">,*. . . ■ [ ; * 

" '" -*■'..', . i 

46. The assembly of claim 42, wherein the average relative intensity 
noise from 0-100 MHz is less than -100 dB/Hz. 

47. The assembly of claim 42, wherein the wavelengths of the 

1 0 second pump beam are at least 20 nm shorter than the wavelengths of the first 
pump beam. 

48. The assembly of claim 42, wherein the wavelengths of the 
second pump beam are at least 40 nm shorter than the wavelengths of the first 
pump beam. 

1 5 .49. The assembly of claim 42, wherein the wavelengths of the 

second pump beam are no more than 120 nm shorter than the wavelengths of 
the first pump beam. 

50. The assembly of claim 42, wherein the wavelengths of the 
second pump beam are no more than 1 00 nm shorter than the wavelengths of 

20 the first pump beam. 

5 1 . The assembly of claim 42, wherein the second pump beam 
provides more gain to the first pump beam than to the signal. 

52. The assembly of claim 42, wherein the first and second pump 
sources are laser diode sources. 

25 53. The assembly of claim 42, wherein the Raman amplifier is a 

distributed Raman amplifier that includes a signal transmission line, wherein at 
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least a portion of the signal transmission line incorporates therein a distributed 
gain medium. 

54. The assembly of claim 42, wherein the Raman amplifier is a 
discrete Raman amplifier that includes a distributed gain medium that is 

5 coupled to a signal transmission line. 

55. A method of broadband amplification, comprising: 

providing a Raman amplifier assembly including an optical transmission 
line with a first port and a second port, at least a portion of the optical 
transmission line producing Raman gain; 
1 0 pumping the Raman amplifier assembly with at least a first pump beam 

and a second pump beam, at least a portion of the second pump beam pumping 
the first pump beam; 

introducing a first signal of multiple wavelengths into the first port and a 
second signal of multiple wavelengths into the second port; and 
1 5 amplifying the first and second signals of multiple wavelengths. 

56. The method of claim 5 5, wherein at least a portion of the first 
signal of multiple wavelengths has shorter wavelengths than the second signal 
of multiple wavelengths. 

57. The method of claim 55, wherein the first pump beam and the 
20 first signal of multiple wavelengths enter the first port and travel in a 

downstream direction from the first port to the second port. 

58. The method of claim 55, wherein the second pump beam and the 
second signal of multiple wavelengths enter the second port and travel in an 
upstream direction from the second port to the first port. 

25 59. The method of claim 55, wherein the first pump beam is in the 

wavelength.range of 1430 to 1 530 nm and the second pump beam is in the 
wavelength range of 1 350 to 1 480 nm. 
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60. The method of claim 55, wherein the first pump beam is in the 
wavelength range of 1450 to 1510 nm and the second pump beam is in the 
wavelength range of 1380 to 1440 nm. 

6 1 . The method of claim 55, wherein the first signal of multiple 
5 wavelengths is in the range of 1430 to 1530 nm and the second signal of 

multiple wavelengths is in the range of 1525 to 1630 rim. 

62. The method of claim 55, wherein the first signal of multiple 
wavelengths is in the range of 1480 to 1530 nm and the second signal of 
multiple wavelengths is in the range of 1 525 to 1 6 1 0 nm. 

10 63. A method of broadband amplification, comprising: 

providing a first pump source, a second pump source with an average 
relative intensity noise of less than -80 dB/Hz and a Raman amplifier assembly 
including an optical transmission line with a first port and a second port, at least 
a portion of the optical transmission line producing Raman gain; 

1 5 pumping the Raman amplifier assembly at the first port with at least a 

first pump beam and at the second port with a second pump beam, the second 
pump beam having at least one wavelength that is shorter than at least one 
wavelength of the first pump beam; 

introducing a signal of at least one wavelength into the second port; and 

20 amplifying the signal. 

64. The method of claim 63; wherein at least a portion of the second 
pump beam pumps the first pump beam. 

65. The method of claim 63, wherein the first pump beam is in the 
wavelength range of 1430 to 1530 nm and the second pump beam is in the 

25 wavelength range of 1 350 to 1480 nm. 

66. The method of claim 63, wherein the first pump beam is in the 
wavelength range of 1450 to 1510 nm and the second pump beam is in the 
wavelength range of 1380 to 1440 nm. 

67. A Raman amplifier assembly, comprising: 
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a Raman amplifier configured to receive a signal of at least one 
wavelength from a signal source with the signal traveling in an upstream 
direction in the Raman amplifier; 

a first pump source coupled to the Raman amplifier producing a first 
5 pump beam that travels in a downstream direction and is counter-propagating 
relative to the signal; and ^_ 

a second pump source coupled to the Raman amplifier producing a 
second pump beam that travels in the upstream direction and pumps the first 
pump beam, wherein the second pump beam provides at least 5% of the gain to 
1 0 at least a portion of the signal. 

68. The assembly of claim 67, wherein the first pump source is 
substantially depolarized. 

69. The assembly of claim 68, wherein polarization dependence of a 
signal gain of the signal is less than 2 dB. 

i 

1 5 70. The assembly of claim 68, wherein the first pump source is 

depolarized by polarization scrambling. 

71 . The assembly of claim 68, wherein the first pump source is 
depolarized by polarization multiplexing of at least two pump sources. 

72. The assembly of claim 68, wherein the second pump source is 
20 substantially depolarized. 

73. The assembly of claim 67, wherein the second pump beam 
provides at least 5% of the gain to a majority of wavelengths of the signal. 

74. The assembly of claim 67, wherein the second pump beam 
provides at least 10% of the gain to a majority of wavelengths of the signal. 

25 75. The assembly of claim 67, wherein the second pump beam 

provides at least 50% of the gain to at least a portion of the signal. 
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